


Institutional Archive of the Naval Postgraduate School 


Calhoun: The NPS Institutional Archive 
DSpace Repository 


Theses and Dissertations l. Thesis and Dissertation Collection, all items 


1991-12 


Heat transfer, adiabatic effectiveness and 
injectant distributions downstream of single 
rows and two staggered rows of film-cooling 
holes with simple and compound angles 


Jackson, Stephen Mark 


Monterey, California. Naval Postgraduate School 
http://hdl.handle.net/10945/28258 


This publication is a work of the U.S. Government as defined in Title 17, United 
States Code, Section 101. Copyright protection is not available for this work in the 
United States. 


Downloaded from NPS Archive: Calhoun 


Calhoun is the Naval Postgraduate School's public access digital repository for 


W D U DLEY research materials and institutional publications created by the NPS community. 
dil 0 Calhoun is named for Professor of Mathematics Guy K. Calhoun, NPS's first 


ül 'TKNOX appointed — and published — scholarly author, 

= LIBRARY Dudley Knox Library / Naval Postgraduate School 

411 Dyer Road / 1 University Circle 
Monterey, California USA 93943 





http://www.nps.edu/library 






































































































































































































































































































































































































































































































































































































































































































































































































































































































































9 ə U E ки 
= un јо ЫЫ r1 E "LI 
Va E er Dé ә 
déi d) тәк EE = 
D ә 
T R a. k dn nn T ip GE Kik SE 
E Í lu ' 
nim dü a U : M "TI HT, ја NS Ni Ue 
E Ih ENDE RH oF T X ila “w A DO GU Ké ə NA 2 Ñ 
MN m ун NM. d MOKE АР He Zeg Ge 4 E KES | N 
1 AERA PM er ORA eid, M ti de 7 E A ; Ди R da E Eu 
1 gH) Gi db; BD dv, ix ХХ Һә m 4 + mat vs SCH də NU hə ki ( KE as r 
T bb MILD çı ə at gt 
von dad Pes ii i "m He n SE SEH Kc 
"wi là S EDD dé Let 14 Fe eed ON EI E 
н x mü WO ns DR “ə T o UU e Vuka wk 
U ct WEN vd hü Pu b. 0 Ak i KOT ou fu e é 
KÉ ET bı Iı i K DET 
s T ə A eae RON əə AR 
" 2 Më 4 $ LT Ji LA m 
WALE TAM | DCN TE R DRC m pe Mas me de Kg E dE H ad ii 1 ine Ki Mu E SC GH Ee ep ern eer SE mit B 
R 4 We side METER URZ K VW We ERE M n Pc ia MET) E 
uğun Wu O ar. KKK LAYI b RR PURER dä US (KI O OA d K) A EM EC h T 
L e "i GIE LE ZA ^ STER T RAR MARY Hr UM p NT E lea Ga DON a ə i ia Ve Гу WC ^ ƏTİ Н rè 
w. AR. IDEE 45d FR AT RU UA Ki mh m ик ДА yeaa Gë MO RZ [N VY) A. sile ae ən PA H yi 
ERTES Your kn i. 462, 1 ma [P 1 TN ta H APW dy i Um A A ZĘ dit нә (ai dək, E 4 M d ME E HE pe i ə v adad d ГУРД D di ha "ə 
KALC ZRA U PG A “кә UR 1% leni Ma bech i a Mn JA DAE F DN 
ın SLA KE Һир Je LET " Peak EE BİL en m "i y kahit. Mel Lech EE a ig 
psi 5 m a 4 vi DN Rə ә an d T ky: OOO ROK 4 Mura dn M P Po OHNE 22 Vd AE A S D H vi ən OL d ə A 
= as E UB , L dos mo “a ITA IA? . "Yİ m ҹи KC 4 [! DM уб Kai Y 3% Zan br vi eis 
ES unm out D ә A AM .. G Pi n erg va qo, sü pn it PE Ы RE ^ Ди m ‘fy M 2 M Us Ch uči E als H m SN NA 
UO) FAO N TR DEA 1 1 Tü ne ' 4,416 POP TAM En A U RG, "Dn n DE MES 5 s CL Ne ve Ag 
ÜR = e Di Se a d'Ni nou Pur a D A H Dec SR H (rn, HAA MS ` P LP. ^ MOSTU dan OU AAC ROZ) PADU VI ben p3 ə öy it dano 
ay ири ape, "ə dr m Ы [ KE VA d D $^ M uud an LIPS d 1. DR HIP "Ue 2 ад EMA des RA EK d Pr TM SERM 
H 4 H UM . k "LATI Er H U 
2 HE, a we 00: " ə Dr GW: | A N E VIRK ha) OM pu ə a Н E E m utar > iri HT Eh Mi iə vé midi ; 
d Mi ae U “ TN "LR U HS MN it "E t Би ми sal mE "Noir Y ҹә ¿š 
I GOLA ET AOI adi uk " dR ЫЫЫ LENT y D ü i KA IN K ди T E F DE = 
Си ОК Li ad Tur PULO TEDA UT A: ИН, ŻA e s üç MAN z P ne 
i Ue A n .. N n V ds m. Na INT i ' ə A Ke D d BO puts 
"OM i әт T WOLA k EW . pi a OU & Boy Али i 3 О E A KAN. Na Iv au M ə NS “ə ə K ə a 
d SET nA su WI Se ə m Aen re (RE 8 “ D d SO A, H Gd ` e "e m Dor ds E LE h VR 4 We H NA əə 5 
| Ҹа әл MODE Tranh : ' BS wś WI RA həç gi KON Ns hi AN NORD ni KEENAN) ДӘ Ab Hn Ke ' Hr Z dü M ARK) c MR) 
M (A N B ra N 
ORO. RODOS: RA b tae 7 C pan VE a 
= f£- PARR Tne. .. ` KE Ch EE géie f Sarat 2 WE t do 
i 6 á D sii n D mi U P A HERI YOLA. pl 4 CA A j> Za id ü n D G A 
s D yə : j E LT t : j HA . DOD aran 3951 X U v a Ы a A Həə Fi ANE; va o Ed in кк 2 ( Ки ра 7 o a R man oe Pe ri T E 
: бу U i : VE və иә D pem EA LEE ky” E IŁ DE kel Se DS Ü 4 5 ki bU 
a ED . MN STA (at nh yeni a, a td vii E A D d nə mn te RO ba R RO a Sc age ts SR n My | Mi sit ae m 
p | é E E f | н v ` KEK | 
k è k à n i J E ü I s (d » " ih e DE d vk dl J d A [T M CH gi ag SCH ty Ls KI? ya Du e Ge АД EN fi E L PN pk KWAK! 
d D l ” n D 14.0 ‘ Hi WÄRE AT C dən mui ts you Lie, = Yun о с At es db E ә”) De N Kären H FIM 9 a a" m D UK (D A. ki Ы. H V 
, 1 DN LE : Ç : : sw biet 44 EFULİ "Ww Y RJ 
N L Ы WI I D "h a u A yalıya DE We tad (un Gei ELE rh td d, NS Hi (EG. ft MI MG Be M Nn m Koh фај GEN 
d ] Ñ LG . D n ` u "a "A IET "In m pti ME INI Hi UAT! ATU Lr PH isil ә Ы AA M A 42 A Mi 
“ə. ç PN U 3 ја re E dd; zu MA Ki d GO WA dk Hy a T TV n Dot LƏR dn EA ti AE əh К d) UU deter ui e, ka HE A 
. P : о Li d . A . E PA a d 118 ki 
2 ON M 5. EN ES Jb PSU un ki sa . | NE HA i: ES 7 EO | s ee "HP: 27 GE ру — 
5:2 L MA A d? i 177£17V7U 0 RƏLİ G Ge M eu 
D ] [ H . JL ; 1 EIU H WP n 
i CA 5 d CER D b E m | “ә s s ҹы X a » n H i a se d a ir A eg to i əsə OUT an A çöl RM en e 2 
ü k n a [TI m D "E Em EL 1 ки 4 ' z 2 Hm 8 il H NV lé Н El RV m J n Nun Ayi L r. R ^ K P 
4 ta 1 if 1 na ge ҹ H " D " ni ur Im UM m 2 a Н LE şu OL DN TL PA О yo se K R 5 ДА ae U 
S vi un. r алса с Ди. ET IP Ат, WI 1 nn ə HAL LS RREK e HE Aart d VAR ER m Vs L 
AB mo ии e > TUN Bea Ed ms ia UE UE ii AN 
RAE 0 Ba 77 TS ra ə oan A x Kə el a Vega RA ... Nu 20 x ions 
- an ' (e | n "ua, әтиг at ak MILO WH Yə sds mi TEN LK er) AR ri tn UM (RN? mannan A i n D m. Hey: WEN A a AM LP 
DO ... ə” n mə. EA R SE t s du. 1 Ы WUJ Af, " LA SEAT) 2 VIA H nun HM Vi Mee d WS q 3 Hə. LAG Hi 6 n ct ^M A i “ nho JA IA 
: JK Мо : t. m FAO Аи n ROMY y VUE LN KC Bis ni M “s ei E Mi t dən An kę 
E D a k = 100 N ə o ve ki " A M ia N D “a LU] [PY GRO b. 3 DA Y İCİ rd m a MLE GO D EP M О [A a 
a ə. | . f me n A 1 SE AUGE Dé p ; ə Lr pg e, Ea ду rij > E a ze EI AR A t 
: Ñ "us dee m O ир + TES. I MECZACH YI p "m M BY MN Daaf “ÜN To ONG he VA TL roo Can 
É . DEL a ede A SAE uA əv S NRT èk 2 P si” “ƏNƏ atts 83 44 OCH P Eh KA Ae SEN yiş: X Ne Zog ach Da 
2 H G m OW D Ы U D U 5 D I h LALIE “Us ЫЫ ke RS IK DN Ba Za dp Ы iu. (m ue vi B iə A oot Ca Ы Se 
AT b H > Ы ON zai 1 L. i 3) İafə 9 b ХАНА As 4 Å V Hi Hi ə JU R di va PM Bé tt n 
E ED s. ə Roe итки 1. > ETT a sa b TC би m m 0 car. ” AE KS sk ke pop ua Hə Mum S AN A da 57 pid gäe Ve Ñ Ы vən di E 
: MENS mar “yə 2 UWR CO ou E nm Wi Ал "v VUE də PEN 4 NC. 1", UA (A ae t VE TLN Ñ БА" ләк лә Ais 
n na ' ' U [D e DU WI " "n d Vi: Ru? v; UAM KI "uf R H the nb Lo ECK H 
. YOn A AO. o Н MEL SA ? Re s d UD NOM in ray Mati HE A zb a le Dee дә iris SÈ "pi RAZ mn Tian a A ə DN E RN ə rd ŻON kh ne m 
“ou 8 U LI 4 U H 3 H KU T] E q : y ja + 
[ s D ... in É ts 5 ' Pe P Ns. Nen Du UD RAN | AN dei ANA , ga E VIE H m x STA E ana A Rə SW "xi rd : i ə tee E Et E o an Se Hi 
dedi "s H a .. a [EP TƏLİ Ae e “да n ni NRD nk UE s KE yan WI K: Rü ^A a Ko q Eë = U 
1 sA : TIE da GE € ər UE sl Н Sa " ern UG AH [a E i KRN us EM Su 'u mi Ké 
ee v À Loa . AE ai M. 1 NH Lun Dr ok zati Rh EH ih EL ko LPS KM Бл m [IK N + Ge DR dA; A M iš "aa m 
D .. d H IN Se A H DK " иа E ALT TLI ' E d аҹ, XT RN 354 U ^ SM EH L xs ANA MTN ҝҹ E p 
n n 1 A n à n ta LUN M UŁO? ZU De mə. H à OŁ JRR d Ena Sa ə A é de 44: 
H 1 va L SS HER us UNA > MET á VW Ken “ št o u s, KOSZ St d d De q IS Vë DW dag DW mük ə. Ee Pi pel ao ərə 
ü A . H . иә . An . Wat U na d M DEMO CO ə Pi e A Au Hj n d vi p 
VW Ge ла Hi R аба D E th ки 1 2 tən tás od Jun COEN dün T m PREN Ki илдн ә ә vis re raca NL „ty Mi RM 
c E NI U 1978 ei v UA ON) ә" Hi D" “AA ec A tat a" ÜR m ar LE Ku ə val Mİ iR vm y = Pcr 
a | Ур ли ил er – Ди ар Gs H VOR? VR ДӘ n arc A f kot Het | "i Cu ах DO a D m 
27 әт 1 LT LE i “xu | talan e H 4 D Liz Y = у tus ə 3'i ə pireji $ N Wë d e Gë » dis ən 
EE 0 se RUE 1 YOU ən OM in ohare H A Һә ДИ Ҝи N ERE Th x LU ETIN xm. T da KUYU o) VM A WTS S E SC EN 
s S R a JE ' ə ener DH ar E UO Pi ər HA im A a ed 4 mə ; TL VK" M SEKR RE t Mer ap Rİ bs RAM D te O EP ds eğ ob a Ka by. (ei 
: e E i Af mə. “4 FELİ le dati EE CP. MAER Wb UX KE H ə ə 
. eat M ni di t'a la COLO Lath m ed UN Cur AU. PA d PETI D A LM 3. ë n A HIS ` ` 5 T t] TR EH d M AOT 
ЫЫ ' "man H CUN E yta MT E AC ES 2 ST oe KKA “4 e M» Pu 14 ad tu qe RO SE e era Ke J 
; : ; ƏL ma bn Ai" iul TUR ETT ib R QU y y. ә DERA 4 Dum PD af pe 
. r ELT et n = Tu WE vi erek De m ә DNA) Nu USS TE PEN “an N SO EA Mz 
WANIE UM mn” Jen EN KU NODE KO Ine LÈ; m nd вн HL DC UR k Ka Ae Pad ESTE ER 08: pi p My dE 
] АЛ D rej “. PA "y ` Ур ERU “19 el, 14, Sen >» LAE `. “ən €i ih A Wé U NAL H Ts 4 RY haat to Sing FURE, d EL 
əə L » " h En el E “< ET AEA IE (Kr t da ја ә 
ki L E ə mo m L Ди Ven mür H R 50. q HE A E nö d h " Žive MO í PRM ^ us 44) x 4 GA A KERI a Ka WA UMUR mü PES A rpi kondi pu 
BUY R = NIE Van .. 1% % i 1º PRE LE Gi vt ier A ` д ë Ы n DEI ni a, " IME m Do ww n H deja ta DN 
4 1 ' 1 * P 4 bs 4 s... n " T 5 D ` “A k'i AEG ti Kai Sp $ ¿plo E AER “441, N; PIAP te A“ iğ e iğ CP hon 
. Ue D DEA EE * 2 OLEWA h һә v gə 4 U Wu a. UTE d ХЫ PS RY W Y E en EL ATE I EP VB kü ` K eH ун “Ma. e nr ДА E CAN ә a 
Др D : US Li $ HA js (eg AWA = ыы “r LE D 1 Ки Ыл ki “. Pa, e tie HEN! OM t (HE mə sd * ә i ^; KK; ^ UZ 722 s pou a RON N BOM 4 PC TU. 2 MON V 
. H P " N D : Li . £ A 4- E LE q A tl LSD (2 Neyi DO ka l Le УН dür Déi ti”, b WV DZ 
K H Е D MS Ku U Ç s A f e om “a Te te m ан N OR t RP: A Dee . Ka Aa Y H e Nu VAN? muon AA ACT) n d Mev, 
mE DN Dr ри dO] A ии DOE TOS NEN 57 5. 7 su NA d Do ə i S ki ик. ә Ы Әл 
Ы E EC H D A U 2 A Maki ... U uud, rh | (RR n Uka Py! ƏT ei da Ç Neo ¿Ue 
n bən > A 4 sa a SA Ç yo ds zə ia b “ə «teke ta dev das Au > M: ra In ob öndərə: poč 
t DE V 2. EE 4 K 1 "wf JA d K Se mu i š si ° RH Ti " z H bc i X SES ə MAN No: RO Bop CHE T 4, bə 
Un N . Dn m D a kİ 4 Ы re a LES q Dm a u . 
a E] ' r EI ATİ i EX 4 фа S .. MES A ne H Һә CN té OW 
í : Ñ m miL : də Ç ' U L EE 2 Ə mr B ^ KX SL n SPEM IM ELE Li te: X i. ee KR “ür ae ich A 
m WIET N : vis s. D DUE db mok T m U m i m H KZ mü v H s гр. S Ka veut EL i RANA di WA e EK 
ñ D L TM RE) y ç -İ r H SE OW Mach ES eh HM ki RA s mit. 
“1 K : js l | дә .. te Lü t'a = > T PORE dE R Ñ OUER Tİ m. : m A PE HA Hi 4 TM ər ARAO d Ge T UE MANUEL 
2777 dE E SKI ep aa ə GE wg UC H идә Һи. beti ROM Bal ə pe 
' Q ve Me aa Ve EAT Kessen EE Yə is 4 m de len за FIA ze NA 15 Je ONSE OM kod) Fun Ын H EN VR ts MAZ Vt 
n n . ST [ Li ^ “ii, (58 cs te m R ziel € n MAR x [MUT i 1 A OC m by 
D sf k " T E "ES n ' .. é m r aia we N YN E^ Ae D È AN 41 4 uma, TO HIT? Ven ECK KA le öt C E Si EEN KRAH P ə Mich 
K Bou NZ 1 Ди, MWA iə. n o sA Mer N : 4 a mid! um BAM REY LK E Си LX. als Mo OU Anu, x ə KM x EA 
erc cep ŻA a GE a) RU. uz er e 5 ui E ARIS 9.34 ED Pre PAN ME ia V: e 
.. LE Ç N . `. ps Loss D N yal A “ YU s [LH e VK Jo THAN DIM we ər novu A 
... ry U p S | d We ' “at : ° / u, D^ t Pr pu Sa a ə. ” Se nn кн a E hd p şər 6 bina) “ik “ə x Ы D d 
GE AKA NOT EU A T DUE te M as zah. , WE T DİNLE i m. NR? Pe (ess at Lë pi pl P LA ` AE 
N ES “ys NO E D k : CIT S SE “. DT AU Ka, "ETE ET A , “ity mn “DU pi DNA: A a dü tə 
1 y í LSK . N a Ад D ENT! 1,8 6 bari ə H ta aou ILU E NU H Wen P (uf j A. LA DNE KRIS SN о ə usd (M ZC b”) P DN 
ә in - - e əsa el Ы A c. DL NT CH Dën АИ- UI Rad Oe D 1 H OUE LLU AMD bazal 
ҝә. A m FEM Ki E SM SE PIS kz: DA 9, “m MET ..... Ra e pia F KORE 4 o dite A (Hr d 2. 4 a. se èe 
x I $ dən m kòt E E | à да R 2 A 1. 4 kugi A 0 ; Mu D U at MO kęs ia du ə. ML TN Һә BOL de de pre W SZ Mk Kl H [ACH x YO G) S ME 
" mı a WEI? ‘item | Kl : Se CAR ин Hə HK Rb EU KREM БИЛАН 
* H MM 4 . . H 4 Q T 4 1 ә, 
D 6 . 1 Һи rar "Hg 1 Sé Le AU H VOR TM Уди А a SOT um O 2 EA a Deom “ KC BS E ade d 
H m ' m UL .. T" n LIT 4 N ' U ' 3. VH Mİ Ans, Dé 
: A Mos .. US Ñ D T H Ces «ey P N PRA yur UT 4) OE 
ñ an: T Di va 1 H .ı 1, da ELO s H АНЫН sé eir si KUER: Vv R 
i MS d ° a SN sa : D keyi LG KS E N E Lo) U Er ^ Seil RUPIA Məl 444 bə kas 1-4 2 ge 
' A .. D E DS d .. NIA 4 N “°. er? 
A CA : " SALE .. : *1 о i .. L s AW “aq L sü Um hão "xeu. "€ i PUE ə Ы XR 
m Ы o EM i 14$ « m pio ese * A əf vasi fa ki Ke: udi" x 3.3 D 
E e E “ə E BAT n RENE e 
D .. 4 | “ [ mn n әл K eb LI V T / i H “sé NEL «oat egi: AN. CODE | 
ər ” H A 145. + h RW da le bi vi au 4 CA Ë 
a E Dae SERA rf i p UEF PSM x Be PH 192%. ki " 
E eR] še 
x | e . 1 . 4 İL KAL = š Ы BOG f T A M Ы 
ҝә E P yı AS 3 Mata yace «a 
R ə tam dara: ma do, L MAT BR | a . Ди Vis ES e RAR a 
ta Ay di ә "a « 4 Di Ki H $e B m ə 
H ` a Н AMT N PSU [P I E | H ka NUMEN du zt. UN et, CZU a 
ҹ? 1 ! E E H e (Ts |Áw T Yə a H “гә D 3 REŻ 
I “oa iš s də EA TIR e än 2" ни T ee a Де GN ə i ° Bos Mgr d n MA THE RAPO se e 5 Ы POE ма 
H 0 N D "e (LAD D E s $e ri nou 15449 # ME DCH KR NN " (8 
DUM | "T “ку W с WI T ” ta N "- VEU = TR n mI LEC n RIN " Bx HR N Nl xə AS ил 
D “ ... HE m) m, PEN ILR x E AYE EPİ REZ si D a FINDS b eta OW Hm * PNE кк Rei is 
sisi ə 2 $ İC RK: Ы E ид EY 1% HIS e 1, D k d ER H A Niet ls WIĘ 
i kif ri any R 1 RED ay pm M Rd y Pa PLI [a KAS. i oh ‘3 E EDEN d Ki D m. 
a dü a WÈ 2 ET t иә A xə “was, . “. ie K Wé i ER bi MINUS STL b Y EM E илы Ié ХЫ, ri 
Ы , DURS : t nən 1 à tou KE ua 21 a AT TER “ EH an D» H ERA NE ri eh F ANE PEE AM AL QUSE 
a k ki D De 2 C ә бә s di. MI: gı tv ri eM H ə si I Sante CR JK, “ya ak Ки ка ән b KR? KA? 
Ç , ta E T D peas i " R VL H De oe Ka e a ' 4 d VAN "^ | M " topa “una E TD jen 4 so Ve OP GU m E 
` ə , : ZO un NI "RI бл O dż) Х aś .. go: e hd MET HM i AN Men AE Әт Ы s. ia NW 5 CHA m 
и ə ak “əd SEI 5 ü sa " H < HA EL mie „Ask ( q ete 7 Н eda ag) t PINA M zb 
m Š n N | ED 4. sei ^ D n E - m a Tm A Be ES] As EM A H T " nP NIG d tet: URS TR H: = hee H DN te 
L N H D d ü d - 0 Н qs an H * - 
"bin E T Jm EE DL T € uf sa KA — atom Pot ə p» m A Ut IN R Дәрд P Ди zaje: [i ED A CORAN S 
M 2 UH NI CO "MP OOM D a e x ^ SAT popi uy: dE sl " = TR Мм NE? dana e pe HERI tti x MAP ŻW Гу E W 
02 MET, “8 =. ORO SNR AE E 2 ET LOT A POR ə gi M WO, Vr e: Ҹ a MID A yyə < CZ VV U 35 AUN A KS” MY 
H n . m E d EL HO att PON “ил xpi T SEK” PR S da lr SN s A W ie T “A, SZA e) RA iy dA OWA I a ə GC ROL 4 
E B n A | d Em Bion 4 EUR SES su WA ESR SĄ RKA MAŁ WE W RAIER ek MPO RO ura vise ES Ke? WZ 
SE Do SÉ E d —. E Ste? mn sw 13 "SORT m Da E vu PEERS SC d D H EL T E: “ .. : " M ә du D AMR MALO PY = АЛИ 20 B 
g "fre POLIS un SR ei N ( "b H Ë rr: b AF H Ki H 19 . n m H H EL 
LM DOM. 5. rə .. 1a i r AS Has ds Tə zl 19, mi “wi SE x K : CUR Dui Z nr. GET L PAD TOR: DRA n NO ai AU NRA v ə 
TT ! e A SEA d .. ere Wel e, D 2 R Һә A e W Yə "n Mri .. Ñ : 
jJ MEN DEE d Wf? a Би yn aji OK da 7 di d n EN i E a "nb m dE aie PRAC WARN BAROK ти Vt eis AEG 
LPA se ° ə HES SO th ` n Dr yp 0 MIE T MCR s ə WE é DEUS NN m Cl RH Ки 2 144: 
n H = кә: ` DI De M "D ta + 4 t. “ I = 4 14 Kl Leu Ki ri a 4 x Du YS “un WOU ze 4 
à va e AL da A zn Sa US PE D ue PELA TP Ev əə > =? (C. GĄ ə Hə 44; sə DCH P Ka TƏR b D “yin f. tux. D "i Nr H1 
A A nüs E .. Dei EL n əz r р e H ek ien ki ta KE RZA 
7 Bur eae 2 DR. ONE . NEN CAE 506000 5 + 
50 0 “Ə vi 30 EAE ZE 575 T la V MK 5 : 7” ə д 
R pi 5: PAR) AC VI e POL GRANO N » Pao dä ie ig M TT LR AC Uc? Cm" “4 We S | 11 aaea: SOU Ri il ety t tv s 22 
m = P d : at èt BIR E tA `. Wa: "əə Ob LEG " LA Je: ef yeri DD Po D E" 4 ÇA 
A VALUES aa sé 1 ja. ZAGR? kipa .. TIT) WË 5 IN UNE D "n “ xü a Za 2 ge nA s D . “0 Ki ER ҹи”. ES A! Ana v y Kei $ 
, z E En ki S Yə 2 Mono F T E ДИ TS DON d S P ry: дл M илә on XE etg t TET DN var “a 
: “ EL U MOU : Le a^ a WI au n^ um ai TE тә RA iča x el K do A8 Zen a AN NADESŁ NN "ge Eh Ma d N WOJ REKE Anh 
D) .. Ы H N d ' . na D ü “LI” [PT] Py . ae ә AU iw Pr” : + A LE n 4 ETT 0 D "4. 2 әт s 2544 wag H b H = L 
K a ba R “a 5 ”" ка na 7” əc. Go? se L vi n 2 Di n " m r H r oo ə CR KEE D eve HAN dw ` ҝә s kk 177 Mou ENS ки pate Yi DA U M Ан e n NS m 
M KW Va DEn e PU d da N ... NE sin ere .... H ə r İT ` ten x Aer < ne Š 46, de a ALAN H M H ki kis DRA 5 " (лм ; зи HA ve 
e [Rf dłoń UNT SL PAM n ак d 1 oe aw ar “əə кии әсл әз ODU Ы we, | £ EET Gë KA CM CR TO NH “üs iz oz ara mn 
d ОЛ " DUE "et rasan tol Li +. je DU N t H 1 m Dr s fe 4 UM H a! "ei 4 LAV e o KA Kach E M Lə. EM o ei N Mi 2 Ke An 
n D n ve e PCT D "uer e E E a de d i m yən ə BORAT “LE En T» du P Oh š L ə tas 
D 1 5 , ` H D D h ea L LR es 2 W R m KÉ . CE ЈАН ОС pA cH 5 L sof Ki > e. és Li n P UR Hei 
D N 1 ° E “a .. 1 D s M . . s "e Es . 1 “ a. + h e A ə Ef U IN ls bi 
S ə au D ar E 2 : H ae STR C pa L uin "etie TD eR "иҹ̧, 
H H A > SE der 1 POLA E Y a " M ECH a “Adı NOR “ən 4 RANS ayi el 
. H D 1 44 m hes 1 m TE TN? nm (EK S E TP 5 H rs мә KKK 
z кс ə z d A E ' EATEN gk Ze AU Ce 
R A . Sp es mn m T I 2 GE mi a, rf TETTE R R KRI * , É go ARD Ы e” M (KN H 
' A E pi ki PTH ər ek 
dəə en U LM 4 ə əə S. PEE “patan ZAK E | 35 Ra D rami $e m» 
Ñ : i 0007 U WU dua ə 7 As Sank RECE € dv H d 2 SI a x... ! 
.. n N L . DI “ i MATS n Lax v 24 . t Ы p 2 HAT! H ren LW? Mai kk t ki ja 
T ә, S , dE a 7 dak a a Z T E ” ES CH KCL "a AE matte he “ə 75 NO d K 
c d SC LGE .. , DES Ha? Wei Ste VK A E D кә Ú H LT LOSE iL i: HE de KA jen "4 Uu 
A ә, "ә АЛ panas PL ke ËM u^ $ A Xn " Ce TTE 5 Lİ deep m4 TUM Zu H RZ miod ER VATERS SYM b in’ P *4*4| 
= D S . i a N "eT E «za Kin $ A ai ... U ` H KÒZ a PE A ^et HO el d Sa Fere K eil Ke BA 4 2 Vox ET at Ҹа n 
e Va n 2 A ta ərə D m 4 MI r de 3i 5 i AOU SM EC K " аз КАР də “ vr 
s. o m əş LE LE a n üə ə xs rire Ae e DRM CUT A ә Bb hoe RI Lé Nr zm TT” ana IE ERES Ke ERİ MOV a] 
ES AUCI ә OS ban ne D E “ yə əə 5 WYW ADA > “ уна qa . Tn ai e Gi ar duz urd e b ty d SS EN E her ps KAN 
n J L ° . h i LSA) fy e“ Ен UN Ha wes ME” E e gu hr VEL E et E DEN z UU] EU IE 
] ' DOS: O Va WM e əə ə o Weer? D E OB WR 1 [KO ip H lan Ku Ë ee D ra ME pon s. : . ^. MƏLUMA? uç БМ me PAS H : СУ", PED mE sã 
D h D alur n E Nn Lara HM k sa REWA o. Dee L yə ` t lat are ARAR $ Wei nl ia Dum RN EA wh d Nah xi KAN əsəb ə ә RO 
ба s ... 25.5 y ин TE ia 1 SE ne " ..... M n EH ğ ? 1 УД “qu fiom D A ROD. бу AES UO ди rude Mu) OR иҹ Mər Mİ aç + NK Hi KR mi y "e 
OBO ə Mer OH DU e ə p EO REA Le y ! S ə ni RE ei r üs RSE . PI IT a 4 Abe Lr A s va ay Mla EN S A UE ән Dé um "AM Ы Glo? 
e K . a” DELI na s dar e SE 1 N .. 1. ` H E Ы zi GEN da ROR ^ ode ə nr dz Vie A D A ә M H d i Ep PN sę R TRA dun 5 Ы re 
f y Ba eg 2757 ; WRA о Am m ə ula ae : ин p A q EUR rp reae 2 it 
Ee y G H YN Ni G SHE “a 9 " we Ark ә oot ə AE RERA e ms A KK paw, n d rır ula rr É TRY, VT J pu S a RÓ GEN B M. DUE. ə 
dr N a Ç HI U Mi D ER H . “ m Г E be Ləl, EDT SUR 5 KR e D H ə A $$. Wr ta go h: d .. E n] SM Ro 
" N ui iL E an dé? E Ver Ua eur AS [É A E ZUM n HL uh MCP Xa de A STY ta R a ə B q D Ы. ze Shade s] DX A vg 
R E A «s En Cer . | L D ih A N [EET E A E VERA a “ren a MOU T KE MN t ит "AM ala id L ' MD) H H Va? 4 SIT M-a 2 A q ' AU tive paci 4 
L Ы WE a esl `. : d del VE A sel e .... Le ... D ro. Le “wate a 4 gil: 11,4 nm s RD "e YAN " Ki eia d Kr a 5 D gir GU SES H KN 5 ə 
TS e k, WES Vie de d S ASA, 2507 ә Let. 80 d dm ҺА və n H üə KA ХЫ Gs ND, 4044 op d RE s ER SERE HH RS EN mə E m. dar .. 
: . ` D e Mët ND LR te! i A aN . .. .. Va oia " EN ti e 211 On H “e bes ку бы? дк ALA RY; P u (547094 ki p “t's € a ki eN 
e e Ыл na, Ki A s m H ər NAS | x. D . di ERR a E " k A "n m Se "aG pite. L 4. ROK Е PO H Aj] d EE LE. Ex Ы dr D ird KA s L HRO SE KŻ) EE e SE 
RE “5 Que Se As E D SE el s ANS “inan H M D re EN DCH WT ət D RHEN Ek Sen Ee KC 
] 1 n | aps n ^ [E] l DATI "Mm PETI ne de D = D r ki tu л HH A D ° ( P ME HAP KE) Drm 4 İni 
CW ts K ә Ы E ii A sə " RAJ í Ы me ди Sy H m Ç E a x Ma t+ ek dəə š s 2. əəə LAA ey n PA Ы SC 4 at ИЛӘ Ëy Н bet = 
° P .. yx” ei "A MAE o АЛА" U TOKIEN e E "m A VW WC d. e Kelt AYI Ы ' a o 
Ka a a 7 yə L e M "^ tap tè ki WI (ди KO ES DP A H RD h. Riz Jan ait ə A de SE eh ə na K "ITI 
j ` e e m DW дк E La ə U T LN A ipee KSC Th Һәл, yı «ti E On PAN 2 n "yo ` 
H I u či da | ... l OU Vag a = a: ta ..... RE n H EI P IOS EE RON D Kee “ee OTE H PŁ rt p TL EA LKA 
һити, X си A ier was a "alor Fa ue SR STR bt ian t, bit PT RIS "ə 
e Aig Ñ ... V c CEE > 4 Mi nem Stair? “ie DALY proe A AINT də Yə m d EN sw AT PHAR evt e dea Ky 
j a zı ә ols (tes b OR DPI WR ик ә Дин ə de voo E ala ato am D ил ҝә MEIN E RL k 0 RE Ad ARA Se Sab 
sa ki U ta E U D 2 əə ə RUE i Си Ee Sé 5 n ə dəl “ d iyə yə Kb H TN ја CS ələ TI də A A HARRİ dog SE SN de 
: n A s i š H D : wa U E. m Wiel ә Wi w, A E ki 554, U is 
. M eed PEMP IN |. ai vt Rr = aalt e UN e Y D s r tica A —. Eie ES PE m 
Sek Wi : RA “ [e a Ki Pr n ” MEE P. Le SZ n 4 4417 Mi e. KN DAS D tj dü 
a ba АМ Hü D ae N KR 9 tw VN Y бу R at LE Һәр Po) AC e dı “ma "€ de pe 
2 VK s bu neč Vita n ia ALS Rea US me ə AR: I dor MES 419 U ə Hü Сд) abo veri bələri Ag 
N A D E lee SU S 4 R noh PREN 7451 KL e WANN DN EK Wa " ek: LEİLA GR əəə ex 1.5 ARM FA 
2 n RE UR M eT D EE, sul Mf NM Aker nt ei ti d "m a 1421 A H “= RER Lac 
3 eh ER n RE 77 ie D 3 " s Dn La E [^ ə si lo a Ы ən 1 Y éen E ЗД ХЫ LE m ELI < KC RID 
Ñ Jd Ы. te PRO H A Ку ZAK ud DEMI e sea Ы peu A H viui] E M pa mi TONY GENE r ә ХЫ ds ə E SEA ad 
SCH i e 5 A ə SEDI f d 184, a ei n sa ki M IK m 14 sre илә Si pi Hə orz di Y ds Wate ay g wo ҹн m 
: дә My a NE a pet de TE ağa n CL PD 2 SN CHE Ji "TP norm GE Rdv: WAN SEA OLSZA EA Ve 
IE. HI 0 « ” SC te 18, D DA MÈ gə Déi ^ pA OM HET] D 4 i PH mA NACE əz SAL AR ies MR –- s. Rə) 
' ... E Jue is 20: PSN dy: D E WE de ә a Һә ДА, AE 1 Wah m AM G NEMO Es M RIDER: "s kör "Ki AP nd tu ә 
nas g . 1 , zi ah, N ET Ҹа I H KM LA A 
ta U 1 nı a Us AL OW "o gran bd WI GAL L dzi du la gra iu E PM EM ə 
us əə mr LOTEM 7 a U E ə 3 ör E H Wee фи e xi Cé AN? "idi > i 7”. 4: АДА Dr KR 7 
Ñ 5 = E š ğa UR ' a fi AF e - m HUM e us 2 4 et SV nu Ta "ii H 4 f *»" 4f. 
ONCE: 2 1 D KEN Wl d MAY ün LE e a gs Ka TIAE EK VG 
CH OBA DURDU POCO HR ia AE CER noD: R RK ei DA "işars DEE Ho ER gi 
: ər SES DD i “üə E hare m IW ne mw HE Jr eres ae HGL oo Ag Leid Bi ; ^ gi ch d a T 1 dei "£v ER ISP ae SCH LE, 
| Ap A , E A "un n mane 2 ELE ias ur U də SN. ә se ES A In uh V KA SCH 1.1 ” LUN Cor Mane, rA yi^ ke KE m 3 orbe R Nə Ua M Zch R 2, həm A M Nino o ə zı PET .. oed E LE 
= $ Ge? leery m eq NU O n déift dc çe T LT W LA E m "m V S f " ə “Wa de DE ou dë "ei Ni MA GP ye pn Y Ñ eg w 143 m ok at x Sa 
E A E ” L OR вәә poe UE ə DNR ram Deng ei ati n SE LKW n uz .. il p n e ra LR SW VE WE a Д yi g^ M ETİ kü Hi ? "TT ~ KR LS dt vı ASA o” илн bk 3 
e d DN VW n "I MA nr (KS VRANE Fa "zir ENDE WT S ae WE mé dj T H ta NEC Gab uy Ы ' 65s baš H 9 8% + De ans 
| də əs Ue W ać m E s : TL si ə 2n .. D SED IC 7: MAN n 5 E nie KAKA i AE yi dz, Kaat H d AA w gc Wa 7 Es 
fae M " TOR CET bs kò NI RE ni IE ” OS) Tİ KA D D | JUD "Nr n poe KE MT M E EL du e 
A "e 1 D DAE LE N 1 T ə LAN H KE) D M MY E 13 KOR f HIS T Ra E VAR NK Vi (NE, 
AR дәри SE A KO da ENDO : o x Ы " ROPA TE ə Eu Les e T PT HYS de m. Дар ду RM Kai “2 a E RS: ə UN SA A Ee SC GE M 
e 4 2 e a m VN A UE UE Yum iyi О SEA ëm Ки Yeh maa z də NAO eh ea us “m OM Ы > w KK ASP h a N 
R X 5 P , q E у k čist. Vl H dee? n an C) d 
GC a ии буј MA n R ak” n “yı E ü Fa "ə ML H m m "m DO EL D Au + PIU M FLU dim il,” Ы AH 294 eh LB 2 M HAİ Kn 1 Ы О Ja lic. “op (GK 1 1 KE rado ta 
N : O a `. ик də AN sk un tou ša dë DM) i. dit? HI О PANU aw gen 9. (ЫЫ H Ni L HE KA 571 ЈА LT. ки 4 DA SEE ev KAJ mna 
: D 2 ə ia: a je WDK AZ Ee EE dE AKT DA IEN? DK ča HARİ UL” ha иҹ̧ә, m am LAP ə 
dah” P ME m kis O ra TEL cr S ce a to, A z D 4,8 UN In KE U Ve KA: KIE H ae 4 ik? Q TME "un ? LRR RN ун LE ets D kk L Lè, ” PA M A p 
1 D O D SD EF IR ALI kasę t бә, te L Уна et ki NEJA oo > КАР + ča be EN E | d OR o m K H A T d E Y Y AT Ы nü H Yə) Sek e YƏ Hai MA Ылә AT KN 
eg ge KT Аки Tuş RE TEUER OLA 1221: ee cr HAE x K (RT L T u ә 342 MS "MA a i S 
š 1 ə MOS LALA to n ли Lb ODM) cuir m R Ы ` лли 4, Yə Hn, FG H LA MA POM A amia ak 
" ' E d n Н m P r LĄ La Yn ! LI ta M "PLUME BE y R e^ 1.911 a mm Ma) “a A Joe DA B pE *214 w m? TT SS t] poż 
.. " A La r. yu 1 h DE LEWE 4 > 2 ei UK Ja ə DE ass m POŁ de Rn n mi 3 ХЫ WS Par E TEK) K K a ECA "s DON дә a, Lh NIE 
= “m L Par Ost Ç ae n 1424 wara Wm IZ ZA n a c ge Lee = e HAA Ñ Mİ ə. H la RO LAA CI 
a | A a: ME n " S 5 E dro Ы a a e Zb SCH ri 1 OWH e R E d se E MK d o Ste ele: əəə və 7 mann 
€ " R D a n H n an Les A d h y " Ball: $. kə H ou ah e š ГАЛ mL P KACH , te! ди 3 H ni dar ri 
" .. E A all ECA ^ иә Jun, a fi 5 S VL m m n A d ga > e TORR 4 Ki 4 şərə 
1 U r. d Ç a Oe R PI E $ Ü) 4 LAT ge'n bi è HL E E Wal 
HE n Др — > ee x əə ANR: REOR 7 NORA TCR 
S E U « loca AA fare əl də 1 A m ti k SU 145 KSE Kë OC ДИ. 4 Су. T N kh RUM ki e > 
. иә ии ET ` "dm ən cu Zc a U r u . ad ^g ne sa I gi s биз da My ME KR As gi ver ЈА ə D 
Ir AE E | a Io Ы . - Ы «+ E ue .. = ə. m bi Zei In, A AA ke: f “A “əv sö NI m t. TT He 'j ə OE! Bra 3 d 
" P MES A NE MI aie 8 LR др L EST RUA ви i a / ван. öl ib “4 Nt E SA MED: PR y A SNS 
" ҹ r n : ve , 2 p Cite VR A | VW (H Du 5 " P vik K yə $ Yə r: d RAT Fi U zyk елә 
ya an di “ən W a .. E ; DRM Sg d ARİ 2 PER D CU a rir REN Su Gre u M e YAL da Ар 
LA Ta] ә 7 B əə ии K r AE Jr ə gg xə ER : zn ” D KN GUN E Eed 4 dà am 
Wi D ' vi n n ras a." "| с КИ (dh Ы ES v 
; H a NE E a hs d E D A NI n | SE гҹ) KÉ MOJE PT NC ON ; Ku MC : ə TK! AE BOR RZY d 
H " n " B n 1 * Hi Na, W ska DH d нә 
| La . H : 2 ç n : N ^ : ən | ' iə d k Н s DB PS Ey AME. a (ER ča ЫЫЫ нда ri RO AF 
rs . İz e Ы . ә = Ted Ur ə t POLE y n HUP] däi a PTT ES Mer ie 
D 2 N Ka n D U v) MINE K, MEM TAMA es 
SW JA A 2. me LR IP DOPO has 04 xm Nu E 
SW: CNN WALA L 
pi A A Qan A e A Pa " k ENI yü RAE 
« a Ç Kë * n ` 2 nk d C EE LHE A 
D « . A " Ta " ' ai 
x . D 1 + D 
U k D a WEN en 2 ` 
N U er 2 о LIM m " t 
20 E " m H A À S d te i, d m "T! 
` UE ^ u r: é ‘ .. "ƏRİ İF Ya A DŻ Aż 
N D ' "aer "a Ы Leer N 
.1 USM n D ata S 
D a H H H LI 
mts = f l ta E PR 
LI . d p LI " SA. FIUNT 
1 ун .. d 1 » Li 
D ... L š 
N J ə = EF v : əv . .. E 
LEA dër E N L 
1 d CHE 
: E n + U AL LI pa gou u N 
k Li ki u 
“ə N 1 
. 1 U 
N . Ы is = 
ü : wt boat . 
n 
D e 





DUDLEY KNOX LİBRARY 
HE AL POSTGRADUATE SCHOO! 
MONTEREY CA 93943-5101 








NAVAL POSTGRADUATE SCHOOL 
Monterey, California 








THESIS 


HEAT TRANSFER, ADIABATIC EFFECTIVENESS AND 
INJECTANT DISTRIBUTIONS DOWNSTREAM OF 
SINGLE ROWS AND TWO STAGGERED ROWS OF 
FILM-COOLING HOLES WITH SIMPLE AND 
COMPOUND ANGLES 


by 
Stephen Mark Jackson 


DECEMBER 1991 


Thesis Advisor: Phillip Ligrani 





Approved for public release: Distribution is unlimited 





Unclassified 
SECURITY CLASSIFICATION OF THIS PAGE 


Form Approved 
REPORT DOCUMENTATION PAGE OMB No 0704-0188 


1a. REPORT SECURITY CLASSIFICATION 1b. RESTRICTIVE MARKINGS 
a OO. 
OE ead 

Approved for public release: Distribution is 


| 20. DECLASSIFICATION/DOWNGRADING SCHEDULE unlimited 


4. PERFORMING ORGANIZATION REPORT NUMBER(S) 5. MONITORING ORGANIZATION REPORT NUMBER(S) 








6a. NAME OF PERFORMING ORGANIZATION EES 
(If applicable) 
Naval Postgraduate School ME Naval Postgraduate School 





ec. ADDRESS (City, State and ZIP Code) 7b. ADDRESS (City, State, and ZIP Code) 


Monterey, CA 93943-5000 Monterey, CA 93943-5000 





8a. NAME OF FUNDING/SPONSORING 8b. OFFICE SYMBOL 9. PROCUREMENT INSTRUMENT IDENTIFICATION NUMBER 


ORGANIZATION (If applicable) 
Naval Sea Systems Command 56X3 


8c. ADDRESS (City, State, and ZIP Code) 10. SOURCE OF FUNDING NUMBER 


Dr. Dan. Groghan 
Naval Sea Systems Command ELEMENT NO. ACCESSION NO. 


Code 56X3 

Washington, D.C. 20352 LG2LG 

11. TITLE (Indude Secunty Classificabon) 

HEAT TRANSFER, ADIABATIC EFFECTIVENESS AND INJECTANT DISTRIBUTIONS DOWNSTREAM OF SINGLE ROWS AND 

WO STAGGERED ROWS OF FILM-COOLING HOLES WITH SIMPLE AND © LIND _A ES : 

12. PERSONAL AUTHORS 

STEPHEN MARK JACKSO 

13a. TYPE OF REPORT 13b. TİME COVERED 14. DATE OF REPORT (Year, Monih, Day) 5 RAGE COUNT 
DECEMBER 199: : 

16. SUPPLEMENTARY NOTATION 


The views expressed are those of the author and do not reflect the official policy or position of the 
Department of Defense or the U.S. Government 






















17. COSATI CODES 18. SUBJECT TERMS (Convnue on reverse if necessary and identify by block numbers) 
EUM E compound angle injection, simple angle injection, film-cooling, 
EET , лл ^— | turbulent boundary layer 





19. ABSTRACT (Conunue on reverse if necessary and identity by block numbers) 

Expenmental results for two compound angle injection systems (configurations 1 and 3), and for a simple injection system (configuration 2) are 

compared in this thesis. The effects of blowing ratio, spanwise hole spacing, hole angle orientation, and streamwise position (x/d) are discussed in 

reference to measurements of spanwise-averaged adiabatic effectiveness, iso-energetic Stanton number, and Stanton number @ approximately equal 

to 1.5 obtained downstream of both one row of holes and two staggered rows of holes. Results indicate that effectiveness depends mostly on four 

parameters: simple or compound angle injection, spanwise hole spacing, one or two rows of holes, and blowing ratio. Results show that for a 
| specified blowing ratio, for all configurations tested to date, spanwise-averaged adiabatic effectiveness is greatest at lower x/d values but decreases 


| with streamwise development as the injectant is convected downstream. The rate of spanwise-averaged adiabatic effectiveness decrease is dependent 


on the blowing ratio, and mostly a result of lift-off of the injectant from the test surface at x/d values less than about 20. At larger x/d, spanwise- 
averaged adiabatic effectiveness values generally increase with blowing ratio mostly because of greater amounts of injectant along the test surface 
Results also show that the iso-energetic Stanton number ratio lies between 1 and 1.35 for all cases studied and generally increases with blowing ratio 
for a given x/d. 





20. DISTRIBUTION/AVAILABILITY OF ABSTRACT D1. ABSTRACT SECURITY CLASSIFICATION 
XX UNCLASSIFIED/UNLIMITED _ SAME ASRPT  DTIC USERS unclassifl 
22a. NAME OF RESPONSIBLE INDIVIDUAL D2b. TELEPHONE (Include Area Code) | 22c. OFFICE SYMBOL 
Phillip Ligrani (408) 646-3382 ME/Li 
DD Form 1473, JUN 86 Previous editions are obsolete. SECURITY CLASSIFICATION OF THIS PAGE 


EAN QD IF 014-6608 nciassifi 
ui 


Approved for public release: Distribution is unlimited 
Heat Transfer, Adiabatic Effectiveness and Injectant Distributions 
Downstream of Single Rows and Two Staggered Rows of 
Film-Cooling Holes with Simple and Compound Angles 
by 
Stephen Mark KM 
Lieutenant, United States Navy 
B.S., United States Naval Academy, 1983 


Submitted in partial fulfillment of the 
requirements for the degree of 


MASTER OF SCIENCE 
IN MECHANICAL ENGINEERING 


from the 
NAVAL POSTGRADUATE SCHOOL 


DECEMBER 1991 


ABSTRACT 


Experimental results for two compound angle injection systems 
(configurations 1 and 3), and for a simple injection system (configuration 2) are 
compared in this thesis. The effects of blowing ratio, spanwise hole spacing, hole 
angle orientation, and streamwise position (x/d) are discussed in reference to 
measurements of spanwise-averaged adiabatic effectiveness, iso-energetic Stanton 
number, and Stanton number for 0 approximately equal to 1.5 obtained 
downstream of both one row of holes and two staggered rows of holes. Results 
indicate that effectiveness depends mostly on four parameters: simple or 
compound angle injection, spanwise hole spacing, one or two rows of holes, and 
blowing ratio. Results show that for a specified blowing ratio, for all 
configurations tested to date, spanwise-averaged adiabatic effectiveness is greatest 
at lower x/d values but decreases with streamwise development as the injectant 
is convected downstream. The rate of spanwise-averaged adiabatic effectiveness 
decrease is dependent on the blowing ratio, and mostly a result of lift-off of the 
injectant from the test surface at x/d values less than about 20. At larger x/d, 
spanwise-averaged adiabatic effectiveness values generally increase with blowing 
ratio mostly because of greater amounts of injectant along the test surface. Results 
also show that the iso-energetic Stanton number ratio lies between 1 and 1.35 for 


all cases studied and generally increases with blowing ratio for a given x/d. 
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I. INTRODUCTION 


A. BACKGROUND/THEORY 

Current inlet temperatures of gas turbines are approaching 2000 K. Such 
temperatures are required to achieve high performance levels. However, the 
same temperatures, in combination with the high rotational speeds, also put 
extraordinary stress on component materials, especially on the blades of the flrst 
turbine stage. For long, safe, and reliable operation, an efficient means of 
cooling these blades is thus a necessity to avoid excessive thermal stresses. Film 
cooling is one method of thermal protection for gas turbine surfaces which 1s 
extensively used in commercial and military applications. Of the different film 
injection configurations, simple angle injection has been the method employed 
frequently on turbine blades, turbine endwalls, combustion chamber linings, and 
afterburner linings in the past. Simple angle injection refers to situations in 
which the film is injected with holes inclined to the test surface such that injectant 
is issued approximately in the direction of the mainstream flow when viewed in 
the streamwise/spanwise plane. 

More recently, gas turbine components include film holes with compound 
angle orientations. Compound angle holes produce injectant which often provides 
better protection and higher film effectiveness than injectant from holes with 
simple angle orientations. Holes with compound angle orientations are inclined 
to the test surface such that the injectant is issued with a spanwise velocity 
component relative to the mainstream flow. Although compound angle film- 


cooling is now a common means of turbine blade protection, there are little data 


in the archival literature on heat transfer and boundary layer behavior 
downstream of film cooling holes with compound angle orientations. One 
objective of the present test program 1s to provide new information on the local 
heat transfer and injectant distributions in boundary layers which develop 
downstream of film-cooling holes with compound angle orientations. 

References 1 through 9 present film-cooling results measured downstream 
of single and multiple film-cooling holes. Of these References, 2, 3, 4, 5, 7, and 
8 present results on the influences of embedded, longitudinal vortices on film- 
cooling. More recently, Mitchell [Ref. 7], Bishop [Ref. 8], and Cirellio [Ref. 9], 
present results measured downstream of injection holes with compound angle 
orientations without embedded vortices. 

In the present study, new Stanton number, iso-energetic Stanton number, 
adiabatic film effectiveness, mean velocity, mean total pressure, and injectant 
distribution data are presented and analyzed for the same simple angle 
configuration used by Cirellio [Ref. 9], as well as for a new compound angle 
injection hole configuration. Adiabatic film cooling effectiveness values are 
determined using linear superposition theory applied to Stanton number ratios 
measured at different injection temperatures. This is possible since the three- 
dimensional energy equation which describes the flow field is linear and 
homogeneous in its dependent variable, temperature. This equation is of the 


form : 








2 2 
r əə əə oT d 


" T s 
2X ay az) Ox "dy ~ ™ dz (Equation 1.1) 


where = = f (Equation 1.2) 


The technique of superposition was first applied to film cooling by Metzger, 
Carper and Swank [Ref. 1]. They examined the effect of secondary fluid 
injection through nontangential slots on the heat transfer in regions near the 
injection site. They described differences due to the various tangential injection 
geometries employed as reflected by rather large variations of the adiabatic wall 
temperature. To facilitate comparisons of various film-cooling schemes, the 
parameter O is employed, which depends on temperature parameter © and 


blowing ratio m. The parameter @ is defined as : 


© = with film injection m. 


h h 


without film injection O (Equation 1.3) 


The parameter (m) is defined as: 
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The parameter (0) is defined as: 
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(Equation 1.5) 


In a comment on the Metzger, Carper and Svvank paper, E.R.G. Eckert relates © 
to the adiabatic wall temperature (Taw). The adiabatic wall temperature (Taw), 
is defined as the temperature which the film-cooled wall assumes when the heat 


flux q in the following equation is zero. 


q = h,A(T, Ci dai (Equation 1.7) 


Equation 1.4 relates heat transfer to the difference between the actual wall 
temperature and the adiabatic wall temperature with the iso-energetic heat 


transfer coefficient hf. With an adiabatic condition, q = O and Tw=Taw. The 


adiabatic film-cooling effectiveness is given by: 
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The heat flux given by equation 1.7 may also be expressed in terms of the 
difference between the actual wall temperature and the freestream temperature 
using the equation given by: 


q = hA(T,, - T..) (Equation 1.9) 


Setting Equations 1.7 and 1.9 equal then yields: 
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(Equation 1.10) 


The temperature term may also be given by : 
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or alternatively; 
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Substituting equation 1.12 into equation 1.10 finally yields: 


F h, (1 bš Maw ) (Equation 1.13) 


In this study, heat transfer data is normalized with baseline heat transfer 


coefficients, hg, measured when no film-cooling is employed. Dividing Equation 


1.13 by ho, and then expressing h, hf, and ho in terms of St, Stf, and Sto, 
equation 1.13 finally becomes: 


St Jon ) 
st, Sto (Equation 1.14) 


Equation 1.14 gives a linear relation betvveen St/Sto and 0. A plot of St/Sto 
versus 0 gives a line with a vertical axis intercept of Stf/Sto, and a horizontal 
axis intercept of 1/Naw. If temperature variations are small enough that fluid 
properties are Invariant over the range of © considered and with respect to all 
three coordinate directions, then this line is straight, [Ref. 10]. St/Sto 
measurements at different © can thus be extrapolated to the axis intercepts, to 
determine the iso-energetic Stanton number ratio, Stf/Sto, and the adiabatic 
film cooling effectiveness , Naw. 

Figure 11 shows St/Sto experimental data obtained at different O obtained 
downstream of two rows of film cooling holes with simple angle onentations 
producing injectant at a blowing ratio of 0.5, [Ref. 9]. As 8 is varied from 0.0 
to values near 3.0, the blowing ratio is maintained constant and the density ratio 
changes from 1.0 to about 0.9. In spite of these variations, the lineanty of data 
in figure 11 is evident for all six values of x/d along the spanwise centerline of 
the test surface (Z/d=0.0). Lines through each set of data also illustrate some of 
the horizontal axis intercepts and vertical axis intercepts which give 1/Naw and 
Stf/Sto respectively. To obtain local variations of these quantities, the method of 


linear superposition is applied for each measurement location. In most cases, no 


extrapolation is needed to determine Stf/Sto because St/Sto is measured directly 
at 0 =0. 


B. PRESENT STUDY 

The objective of the present work is to determine Stanton numbers at 6 
values ranging from 0 to 3.0, at x/d ratios of 6.8, 17.4, 33.2, 54.4, 75.6 and 96.7 
for a simple angle injection system, configuration 2, and at x/d values of 6.8, 
17.6, 33.8, 55.5, 77.1, and 98.7 for a compound angle injection system, 
configuration 3. With the simple angle configuration, configuration 2, holes are 
inclined at 35 degrees with respect to the test surface in the streamwise/normal 
plane. With the compound angle configuration, configuration 3, holes are 
inclined at 35 degrees with respect to the test surface when projected into the 
streamwise/normal plane, and 30 degrees with respect to the test surface when 
projected into the spanwise/normal plane. With each configuration, two 
staggered rows of holes are used. Within each row for both configurations, 
holes are spaced 6 hole diameters apart. Results presented include distributions 
of Stanton number ratios, adiabatic film cooling effectiveness values deduced 
from using linear superposition, and injectant distributions. Also presented are 
plots showing the streamwise development of distributions of mean velocity and 


mean temperature. 


C. EXPERIMENTAL OUTLINE 

Three different types of measurements are made in the present study which 
are described as follows: 

1. Stanton numbers, Stanton number ratlos , iso-energetic Stanton number 
ratios and adiabatic film cooling effectiveness at 21 spanwise locations at x/d 
ratios of 6.8, 17.4, 33.2, 54.4, 75.6 and 96.7 for configuration 2 and at x/d ratios 
of 6.8, 17.6, 33.8, 55.5, 77.1, and 98.7 for configuration 3. 

2. Mean velocity and total pressure surveys in (Y-Z) planes at x/d of 9.9, 
44.3, and 86.3 for configuration 3. 

3. Mean temperature (T- 7. ) surveys in (Y-Z) planes at x/d of 9.9, 44.3, 
and 86.3 for configuration 3. 

Data was obtained with no film-cooling to obtain a baseline set of measurements, 
as well as for 9 film-cooling arrangements. Results for the following 
configurations are presented: (1) two staggered rows of configuration 3 
compound angle film-cooling holes with a blowing ratio of m=0.5; (2) two 
staggered rows of configuration 3 compound angle film-cooling holes with a 
blowing ratio of m=1.0; (3) two staggered rows of configuration 3 compound 
angle film-cooling holes with a blowing ratio of m=1.5; and (4) one row of 
configuration 3 compound angle film-cooling holes with a blowing ratio of 
m=0.5; (5) one row of configuration 3 compound angle film-cooling holes with a 
blowing ratio of m=1.0; (6) one row of configuration 3 compound angle film- 
cooling holes with a blowing ratio of m=1.5; (7) two staggered rows of 
configuration 2 simple angle film-cooling holes with a blowing ratio of m=0.5; 


(8) two staggered rows of configuration 2 simple angle film-cooling holes with 


a blowing ratio of m=1.0; and (9) two staggered rows of configuration 2 simple 


angle film-cooling holes with a blowing ratio of m=1.5. 


D. THESIS ORGANIZATION 

The remainder of this thesis is organized as follows. The experimental 
apparatus and procedures are discussed in Chapter II. The experimental results 
are presented in Chapter III. A summary of the results and conclusions is 
presented in Chapter IV. Appendix A contains all of the figures. Appendix B 
gives the experimental uncertainty magnitudes from Schwartz [Ref. 8]. Data 
acquisition, processing, and plotting programs are described in Appendix C. 
Finally, a data file directory listing the names of all data files contained on 


micro floppy disks is presented in Appendix D. 


II. EXPERIMENTAL APPARATUS AND PROCEDURES 


A. WIND TUNNEL AND COORDINATE SYSTEM. 

The wind tunnel is the same one used in the experiments of Ligrani, et al. 
(1989, 1991). The facility, located in the laboratories of the Department of 
Mechanical Engineering of the Naval Postgraduate School, is open-circuit and 
subsonic. A centrifugal blower is located at the upstream end, followed by a 
diffuser, a header containing a honeycomb and three screens, and then a 16 tol 
contraction ratio nozzle. The nozzle leads to the test section which is a 
rectangular duct 3.05 m long and 0.61 m wide, with a topwall having adjustable 
height to permit a zero pressure gradient to be set along the length of the test 
section (without the film cooling) to within 0.01 inches of water differential 
pressure. The initial duct height at the nozzle exit is 0.203 m. The freestream 
velocity is 10 m/s and the freestream turbulence intensity is approximately 0.13 
percent based on the same velocity. The boundary layer is tripped using a 2 mm 
high spanwise uniform strip of tape near the nozzle exit. This trip is located 
1.072 m upstream of the surface used to measure local Stanton number 
distributions. 

Schematics showing the test section and coordinate system are presented in 
Figures 1, 2 for film injection configurations 2 and 3, respectively. Locations 
of the boundary layer trip, film cooling holes, heat transfer test surface, and 
thermocouple rows along the test surface are evident. Dimensional values of 
distances labelled in Figures 1 and 2 and are also given in Figures 3 and 4. With 


both configurations 2 and 3, an unheated starting length exists upstream of the 
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heat transfer surface when it is elevated in temperature. In regard to the 
coordinate system, Z is the spanwise coordinate measured from the test section 
spanwise centerline; X is measured from the upstream edge of the boundary 
layer trip; and Y is measured normal to the test surface. x is measured from the 


downstream edge of the injection holes and generally presented as x/d. 


B. INJECTION SYSTEM AND INJECTION CONFIGURATIONS. 
1. Injection System 
The injection system was described by Ligrani, et al (1991). Air for the 
injection system originates in two 1.5 horsepower DR513 Rotron Blowers 
capable of producing 30 cfm at 2.5 psig. From the blowers, air flows through a 
regulating valve, a Fisher and Porter rotometer, a diffuser, and then into the 
injection heat exchanger and plenum chamber. The exchanger provides the 
means to heat the injectant above ambient temperature. With this system and test 
plate heating, the non-dimensional injection temperature parameter 8 is 
maintained at values ranging from 0.0 to 3.0, which includes values within the 
range of gas turbine component operation. The upper surface of the plenum 
chamber is connected to the injection tubes for either injection configuration. 
With configuration 2, each tube is 7.6 cm long. This gives a length to diameter 
ratio of about 8. With configuration 3, the tube length is 9.4 cm which gives a 
length to diameter ratio of approximately 10. 
Injection system performance was checked by measuring discharge 
coefficients at different Reynolds numbers based on injection hole diameter and 
mean injectant velocity. These values compare favorably with earlier 


measurements (Ligrani, et al, 1989). Procedures to measure discharge 
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coefficients and blowing ratios are described by Ligrani, et al (1989). The results 


of these performance checks are presented inFigure 7. 


2. Injection Configuration 

A schematic showing the simple angle film hole geometry (configuration 
2) along the test surface is shown on Figure 3. A schematic showing the 
compound angle film hole geometry (configuration 3) along the test surface is 
shown in Figure 6. In both cases, holes are arranged in two rows which are 
staggered with respect to each other with spanwise spacings between adjacent 
holes of 3.0d. Centerlines of holes in separate rows are separated by 3.9d- 4.0 d 
in the streamwise direction. When only one row of holes is employed, it is the 
downstream row located closest to the heat flux surface. With this arrangement, 
spanwise hole spacing is 6.0d. Each row of holes contains five injection cooling 
holes with a nominal inside diameter of 0.945 cm for configuration 2 and 0.925 
cm for configuration 3. The centerline of the middle hole of the downstream 
row is located on the spanwise centerline (Z=0.0 cm) of the test surface. The 
compound angle holes are employed with Q=35 degrees and B=30 degrees, 
where (2 is the angle of the injection holes with respect to the test surface as 
projected into the streamwise/normal plane, and B is the angle of the injection 
holes with respect to the test surface as projected into the spanwise/normal plane. 
Thus, as shown in Figure6, holes are oriented so that the spanwise components of 
injectant velocity are directed in the negative-Z direction. The plane of each 
injection hole is angled at 50.5 degrees from the streamwise/normal (X-Y) plane. 
Within the plane of each hole, hole centerlines are oriented at angles of 24 


degrees from the plane of the test surface (X-Z). 


lé 


With the simple angle arrangement, (2-35 degrees and 8-90 degrees. Thus, 
the plane of each injection hole is within the streamwise/normal (X-Y) plane and 


holes are inclined at an angle of 35 degrees with respect to the test surface. 


C. STREAMWISE MEAN VELOCITY MEASUREMENTS. 

The streamwise mean velocity was measured using a five-hole pressure 
probe with a conical tip manufactured by United Sensors Corporation. Celesco 
transducers and Carrier Demodulators are used to sense pressures when 
connected to probe output ports. The same automated traverse used for injectant 
Surveys was used to obtain these surveys. With this device, the pressure probe 
was traversed over 10.2 cm by 20.3 cm spanwise/normal planes at 800 locations 
spaced 0.51 cm apart in each direction. At each location, 50 samples of the 
output from each of the five pressure ports are aquisitioned for later processing. 
These devices, measurement procedures employed, as well as data acquisition 
equipment and procedures used are further detailed by Ligrani, et al (1989, 
1991), Bishop (1990), and Ciriello (1991). 


D. STANTON NUMBER MEASUREMENTS. 

The heat transfer surface is designed to provide a constant heat flux over its 
area. The surface next to the airstream is stainless steel foil painted flat black. 
Immediately beneath this is a liner containing 126 thermocouples, which is just 
above an Electrofilm Corp., etched foil heater rated at 120 volts, and 1500 
watts. Located below the heater are several layers of insulating materials 


including Lexan sheets, foam insulation, styrofoam and balsa wood. Surface 
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temperature levels and convective heat transfer rates are controlled by adjusting 
power into the heater using a Standard Electric Co. Variac, type 3000B. To 
determine the heat loss by conduction, an energy balance was performed. This 
was accomplished by insulating the top of the test surface (which is nominally 
exposed to the airstream) and measuring conduction loss from the bottom as it is 
dependent upon the difference in temperature between the test surface and the 
surrounding ambient air. Radiation losses from the top of the test surface were 
analytically estimated. The thermal contact resistance between thermocouples and 
the foil top surface was estimated on the basis of outputs of the thermocouples 
and measurements from calibrated liquid crystals on the surface of the foil. This 
difference was then correlated as a function of heat flux through the foil. 

After the surface was completed, a variety of qualification tests were 
conducted to check the performance of the heat transfer test surface. These were 
described in detail by Ligrani, et al (1989), Bishop (1990) and Ciriello (1991), 


along with additional details on the measurement of local Stanton numbers. 


E. MEAN TEMPERATURE MEASUREMENTS. 

Copper-constantan thermocouples were used to measure temperatures along 
the surface of the test plate, the freestream temperature, and temperature 
distributions which were correlated to injection distributions. For the 
distributions, a thermocouple was traversed over spanwise/normal planes (800 
probe locations) using an automated two-dimensional traversing system which 
could be placed at different streamwise locations. Voltages from thermocouples 
and the Carrier Demodulators (used for the mean velocity measurements) are 


digitally sampled and read using a Hewlett-Packard 3497A Data Acquisition 
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Control Unit with a 3498A Extender. These units are controlled by a Hewlett- 
Packard Series 9153C computer. 


F. BASELINE DATA CHECKS. 

Repeated measurements of spanwise-averaged Stanton numbers show good 
agreement (maximum deviation is 4 percent) with the correlation from Kays and 
Crawford (1980) for turbulent heat transfer to a flat plate with unheated starting 
length and constant heat flux boundary condition. Figures 9 and 10 present 
baseline data for configurations 2 and 3, respectively. Figure 9 presents baseline 
data for two separate conditions. Condition 1, with (Tplate-Teo)=9.66, was 
obtained with 4 amps applied to the plate heaters. A higher power level of 6 
amps was utilized to obtain condition 2 with (Tplate- Tse)<20.08. Both sets of data 
show good agreement with the Kays and Crawfords' unheated starting length 
constant heat flux correlation, with a maximum deviation of approximately 
10%. Similar conclusions may be drawn in regard to the baseline data for 


configuration 3 shown in Figure 10. 
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III. EXPERIMENTAL RESULTS 


Experimental results are presented in two parts. Results for the simple angle 
injection system, configuration 2, are given first. These results are then followed 
by ones for the compound angle injection system, configuration 3. For 
configuration 2, surface heat transfer data are presented from measurements 
downstream of two staggered rows of holes. For configuration 3, surface heat 
transfer data, injectant distributions, surveys of mean velocity, and surveys of 
total pressure are presented from measurements downstream of both one row of 
holes and two staggered rows of film-cooling holes. In both cases (configurations 


2 and 3), data are presented for blowing ratios of 0.5, 1.0, and 1.5. 


A. CONFIGURATION TWO, SIMPLE ANGLE RESULTS 


1. Heat Transfer Measurements Downstream of Two Rows Of 
Film-Cooling Holes With m=0.5 
Figures 12-17 present St/Sto vs. 8 results for x/d=6.8, 17.4, 33.2, 54.4, 
75.6, and 96.7 at z/d=0.0 for m=0.5. Figures 18 and 19 then present spanwise- 
averaged adiabatic effectivenesses and spanwise-averaged Stf/Sto as dependent on 
x/d, repectively. Figures 20, 21, and 22 show streamwise and spanwise varations 
of spanwise-averaged adiabatic effectiveness, iso-energetic Stanton number ratio, 
and Stanton number ratio, respectively. Spatially resolved plots of effectiveness 
in Figure 20 show that spanwise periodicity, evident at x/d=6.8, is less 


pronounced as the flow develops in the streamwise direction. The spanwise 


variations of Stf/Sto and St/Sto in Figures 21 and 22 show similar spanwise 
periodicity which is most evident at x/d=6.8, and not particularly evident at x/d 
greater than 54.3. The Stanton number ratio data in Figure 22 are given for 9 = 


9. 


2. Heat Transfer Measurements Downstream Of Two Rows Of 
Film-Cooling Holes With m=1.05 
Figures 23-28 present St/Sto vs. © for x/d=6.8, 17.4, 33.2, 54.4, 75.6, 
and 96.7 at z/d=0.0 for m=1.05. Figures 29 and 30 then present spanwise- 
averaged adiabatic effectivenesses and spanwise-averaged iso-energetic Stanton 
number ratios as dependent upon x/d, respectively. Figures 31, 32, and 33 show 
streamwise and spanwise variations of spanwise-averaged adiabatic effectiveness, 
iso-energetic Stanton number ratio, and Stanton number ratio, respectively. The 
Stanton number ratio data in Figure 33 are for 8=1.66. Spatially resolved plots 
of spanwise-averaged adiabatic effectiveness in Figure 31 again show spanwise 
periodicity at low x/d values which becomes less pronounced with streamwise 
development. Compared to results for m=0.5, effectiveness values are lower at 
x/d values below about 50 due to lift-off effects. At higher x/d values, 
effectiveness values are greater because larger amounts of film injectant are 
present next to the test surface. Figures 32 and 33 show similar spanwise 
periodicity for iso-energetic Stanton number ratio and Stanton number ratio 


which are similar to the variations in Figures 21 and 22 for m=0.5. 
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3. Heat Transfer Measurements Downstream Of Two Rows Of 
Film-Cooling Holes With m=1.5 
Figures 34-39 present St/Sto vs 8 for x/d=6.8, 17.4, 33.2, 54.4, 75.6, and 
96.7 at z/d=0.0 for m=1.5. Figures 40 and 41 then present spanwise-averaged 
adiabatic effectivenesses and spanwise-averaged iso-energetic stanton number 
ratios as dependent upon x/d, respectively. Figures 42, 43, and 44 show the 
streamwise and spanwise variations of spanwise-averaged adiabatic effectiveness, 
Stanton number ratio and iso-energetic Stanton number ratio, respectively. 
Spatially resolved plots of spanwise-averaged adiabatic effectiveness in Figure 42 
show spanwise periodicity which becomes less pronounced with streamwise 
development. The amplitude and frequency of effectiveness peaks are smaller 
than the effectiveness peaks measured for m=0.5 and m=1.05. In addition, 
spanwise-averaged magnitudes of the adiabatic effectiveness for m=1.5 are lower 
than ones for m=0.5 and m=1.05 at x/d less than 33.2 due to increased lift-off as 
the blowing ratio increases. At x/d values greater than 33.2, spanwise-averaged 
effectiveness values are higher for m=1.5 because greater amounts of injectant 


are present near the test surface. 


B. CONFIGURATION THREE, COMPOUND ANGLE RESULTS 


1. Two Rows Of Film-Cooling Holes With m=0.5 
a. Heat Transfer Measurements 
Figures 45-50 present SySto vs. € results measured at z/d=0.0, for 
x/d=6.8, 17.6, 33.8, 55.5, 77.1, and 98.7 and for m=0.5. These figures illustrate 
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the linearity of St/Sto vs. @ data at each x/d presented. Similar linearity is 
present for the entire range of locations along the test plate, which supports the 
use of linear superposition theory for determination of adiabatic effectiveness 
and iso-energetic Stanton number ratio, even though the flow field is highly 
three dimensional. Figures 51 and 52 then present spanwise-averaged adiabatic 
effectivenesses and spanwise-averaged iso-energetic Stanton number ratios, 
respectively, as dependent upon x/d. Figures 53, 54, and 55 then show 
streamwise and spanwise variations of adiabatic effectiveness, iso-energetic 
Stanton number ratio, and Stanton number ratio for 0=1.54, respectively. 

Figure 51 shows that spanwise-averaged adiabatic effectiveness is 
greatest at x/d=6.8, and decreases with streamwise distance. Figure 52 shows 
that iso-energetic Stanton number ratio is relatively constant at about 1.1 for x/d 
greater than approximately 15. Such behavior is consistent with earlier results, 
[Ref. 7 and 8] which show that iso-energetic Stanton number is strongly 
dependent on blowing ratio and/or momentum flux ratio and very weakly 
dependent on x/d. Figures 53, 54, and 55 show that spatially resolved plots of 
effectiveness, iso-energetic Stanton number ratio, and Stanton number ratio for 
021.54, respectively, are fairly spanwise uniform for all x/d. 

b. Velocity And Pressure Surveys 
Surveys of total pressure and streamwise velocity in spanwise-normal 
planes at x/d=9.9, 44.3, and 86.3 are shown in Figures 56-61. For each x/d, total 
pressure and velocity distributions are qualitatively similar. Total pressure and 
velocity results in Figures 56 and 57 for x/d= 9.9 are spanwise periodic, with 
deficits separated by 2.5-3 cm near the wall which is the same as the spanwise 


hole spacing. Less spanwise periodicity is evident at x/d =44.3 in Figures 58 and 
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59, and at x/d=86.3 in Figures 60 and 61. Fairly uniform distributions of 
streamwise velocity and total pressure across the span of the measurement plane 
are present at x/d=86.3 where local boundary layer thicknesses are about 30 
percent larger than values at x/d=9.9. 
c. Injectant Distributions 
Figures 62, 63, and 64 show surveys of temperature in 
spanwise/normal planes at x/d=9.9, 44.3, and 86.3, respectively. According to 
Ligrani et al. [Ref. 9], these surveys provide information on distributions of the 
injectant. At x/d=9.9, individual injectant concentrations are spanwise periodic 
and non-circular near the wall across the span of the measurement plane. 
Distributions for x/d=44.3 and x/d=86.3 in Figures 63 and 64 show less spanwise 


periodicity. In fact, the results in Figure 64 are fairly spanwise uniform. 


2. Two Rows Of Film-Cooling Holes With m=1.0 
a. Heat Transfer Measurements 

Figures 65-70 present St/Sto vs. © results measured at z/d=0.0, for 
x/d=6.8, 17.6, 33.8, 55.5, 77.1, and 98.7, and for m=1.0. Figures 71 and 72 then 
present results of spanwise-averaged adiabatic effectivenesses and spanwise- 
averaged iso-energetic Stanton number ratios as dependent upon x/d, 
respectively. Figures 73, 74, and 75 show streamwise and spanwise variations of 

adiabatic effectiveness, Stf/Sto and St/Sto for 0=1.72, respectively. 
Figures 65-70 illustrate the linearity of St/Sto as dependent upon 6 
for the entire range of locations along the test surface, which again supports the 
use of linear superposition theory for determination of spanwise-averaged 


adiabatic effectivenesses and spanwise averaged iso-energetic Stanton number 


ratios. Figure 71 shows that spanwise averaged adiabatic effectiveness values 
are greatest at low x/d and decrease linearly after x/d=15. Figure 72 shows that 
iso-energetic Stanton number ratio increases slightly over the first quarter of the 
test plate and remains fairly constant at about 1.1 as x/d varies. Such behavior 1s 
consistent with earlier results, Ligrani et al. [Ref. 9], which show weak 
dependence of iso-energetic Stanton number ratio on x/d. Figure 73 shows that 
spatially resolved plots of effectiveness are spanwise periodic at x/d=6.8 and 
x/d=17.6, while the spanwise distribution of adiabatic effectiveness is fairly 
uniform for x/d greater than 33.8. Figures 74, and 75 show that the spanwise 
and streamwise variations of iso-energetic Stanton number ratio and Stanton 
number ratio are spanwise periodic for all x/d along the test plane. 
b. Velocity And Pressure Surveys 

Figures 76-81 present surveys of total pressure and streamwise 
velocity in spanwise-normal planes for x/d=9.9, 44.3, and 86.3. For each x/d, 
the total pressure and velocity distributions are qualitatively similar. The total 
pressure and velocity results in Figures 76 and 77 for x/dz9.9 are spanwise 
periodic. The separation between deficits increases in the spanwise direction at 
further downstream locations indicating that injectant from upstream holes 
merges with injectant from downstream holes. The distance between the deficits 
is as large as 3.5cm near the wall. When compared to similar data for m=0.5 
(Figures 56-61), near wall deficits for m=1.0 are larger near the wall and 
separated by slightly larger spanwise distances. Figures 78-81 show that total 
pressure and velocity distributions are fairly spanwise uniform for x/d greater 
than 44.3. These figures also show increases in local boundary layer thickness of 


approximately 10% compared to results in Figures 76 and 77 for m=0.5. 
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c. Injectant Distributions 
Figures 8., 83, and 84 show surveys of temperature in 

spanwise/normal planes at x/d=9.9, 44.3, and 86.3, respectively. According to 
Ligrani et al. (Ref. 9], these surveys provide information on distributions of the 
injectant. At x/d=9.9, individual injectant concentrations are spanwise periodic 
and non-circular near the wall across the span of the measurement plane. 
Distributions for x/d=44.3 and x/d=86.3 in Figures 83 and 84 show less spanwise 
periodicity. In fact, the results in Figure 84 are fairly spanwise uniform. 


3. Two Rows Of Film-Cooling Holes With m=1.5 
a. Heat Transfer Measurements 

Figures 85-90 present SySto vs. O results for x/d=6.8, 17.6, 33.8, 
55.5, 77.1, and 98.7 at z/d=0.0 for m=1.5. The linearity of the data provides 
added support for the linear superposition technique. Figures 91 and 92 present 
spanwise-averaged adiabatic effectivenesses and spanwise-averaged iso-energetic 
Stanton number ratios as dependent upon x/d, respectively. Figures 93, 94, and 
95 show streamwise and spanwise variations of adiabatic effectiveness, Stf/Sto, 

and St/Sto for 0=1.24, 
Figures 91 shows spanwise-averaged adiabatic effectiveness 
values are greatest at low x/d and decrease with x/d for values greater than 15. 
Figure 92 shows that iso-energetic Stanton number ratios decrease for x/d values 
between 5 and 35. At x/d values greater than 35, iso-energetic Stanton number 
ratiós are fairly constant at about 1.2. Figures 93, 94, and 95 show spatially 


resolved plots of adiabatic effectiveness, iso-energetic Stanton number ratio, and 
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Stanton number ratio for 0=1.24, which are spanwise periodic at x/d=6.8 and 
x/d=17.6. At x/d values greater than 33.8, the distributions are fairly uniform. 
When compared toFigures 73-75, the data inFigures 93-95 suggest that lift-off 
effects are increasingly important at higher blowing ratios. 
b. Velocity And Pressure Surveys 
Figures 96-101 present surveys of total pressure and streamwise 
velocity in spanwise-normal planes for x/d=9.9, 44.3, and 86.3. For each x/d, 
the total pressure and velocity distributions are qualitatively similar. Total 
pressure and velocity results in Figures 96 and 97 for x/d= 9.9 are spanwise 
periodic, with deficits separated by 4-5 cm near the wall. When compared to 
data for m=0.5 and m=1.0, (Figures 56, 57, 76, and 77), the near-wall deficits 
are larger with greater separation. Figures 98-101 show that the distributions of 
total pressure and velocity are spanwise uniform for x/d values greater than 
44.3. 
c. Injectant Distributions 
Figures 102-104 show surveys of temperature in spanwise/normal 
planes at x/d=9.9, 44.3, and 86.3, respectively, which provide information on 
distributions of the injectant . At x/d=9.9, individual injectant concentrations are 
non-circular and spanwise periodic near-the wall. Distributions for x/d=44.3 and 
x/d=86.3 in Figures 103 and 104 show less spanwise periodicity and greater 


spanwise uniformity. 
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4. One Row Of Film-Cooling Holes With m=0.5 
a. Heat Transfer Measurements 

Figures 105-110 present St/Sto vs. © results measured at z/d= -1.27, 
for x/d=6.8, 17.6, 33.8, 55.5, 77.1, and 98.7, for m=0.5. These figures illustrate 
the linearity of St/Sto vs. O data at each x/d. Figures 111 and 112 present 
spanwise-averaged adiabatic effectivenesses and spanwise-averaged iso-energetic 
Stanton number ratios as dependent upon x/d, respectively. Figures 113, 114, and 
115 then show streamwise and spanwise variations of adiabatic effectiveness, 
iso-energetic Stanton number ratio, and Stanton number ratio for 0=1.37. 

Figure 111 shows that spanwise-averaged adiabatic effectiveness is 
greatest at x/d=6.8 and decreases as x/d increases. Figure 112 shows that iso- 
energetic Stanton number ratio is relatively constant at 1.0 for all x/d. Such 
behavior is consistent with earlier results, [Ref. 7, and 8], which show that the 
iso-energetic Stanton number ratio is strongly dependent on blowing ratio and/or 
momentum flux ratio, and very weakly dependent on x/d. Figures 113, 114, 
and 115 show spatially resolved plots of adiabatic effectiveness, iso-energetic 
Stanton number ratio, and Stanton number ratio for 0=1.37, respectively. In all 
cases these data are fairly spanwise uniform for all x/d. 

b. Velocity And Pressure Surveys 
Surveys of total pressure and streamwise velocity in spanwise-normal 
planes at x/dz9.9, 44.3, and 86.3 are shown in Figures 116-121. For each x/d, 
total presssure and velocity distributions are qualitatively similar. Total pressure 


and velocity results in Figures 116 and 117 for x/d= 9.9 are spanwise periodic, 
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periodic, with deficits separated by 5.5-6 cm near the wall which is the same as 
the spanwise hole spacing. Figures 98-101 show fairly uniform distributions of 
streamwise velocity and total pressure across the span of the measurement plane 
for x/d values greater than 44.3. 
c. Injectant Distributions 

Figures 122, 123, and 124 show surveys of temperature in 
spanwise/normal planes at x/d=9.9, 44.3, and 86.3, respectively, which provide 
information on distributions of the injectant. At x/d=9.9, the injectant 
distributions are semi-circular and spanwise periodic near the wall. 
Distributions for x/d=44.3 and x/d=86.3 in Figures 123 and 124 show less 


spanwise periodicity and greater spanwise uniformity. 


5. One Row Of Film-Cooling Holes With m=1.0 
a. Heat Transfer Measurements 

Figures 125-130 present St/Sto vs. © results measured at z/d= -1.27, 
for x/d=6.8, 17.6, 33.8, 55.5, 77.1, and 98.7, and for m=1.0. These figures 
illustrate the linearity of St/Sto vs. © data at each x/d presented. Figures 131 and 
132 then present spanwise-averaged adiabatic effectivenesses and spanwise- 
averaged iso-energetic Stanton number ratios as dependent upon x/d, 
respectively. Figures 133, 134, and 135 show streamwise and spanwise 
variations of the adiabatic effectiveness, iso-energetic Stanton number ratio, and 

Stanton number ratio for 0=1.37, respectively. 
Figure 131 shows that spanwise-averaged adiabatic effectiveness is 


greatest at x/d=6.8 and decreases with streamwise development. Figure 132 
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shows that the iso-energetic Stanton number ratio is relatively constant at about 
1.0 for all x/d. Such behavior is consistent with earlier results, [Ref. 7 and 8], 
which show that the iso-energetic Stanton number ratio is strongly dependent on 
blowing ratio and/or momentum flux ratio and very weakly dependent on x/d. 
Figure 133 shows that spatially resolved plots of adiabatic effectiveness are 
spanwise-periodic for x/d=6.8 and x/d=17.6, while the adiabatic effectiveness is ` 
fairly spanwise uniform. for x/d values greater than 33.8. Spacially resolved 
plots of iso-energetic Stanton number ratio, and Stanton number ratio for 
01.89, in Figures 134 and 135, respectively, show spanwise periodicity tfor all 
x/d. Results for m=0.5 in Figures 114 and 115 do not show as much periodicity. 
b. Velocity and Pressure Surveys 

Surveys of total pressure and streamwise velocity in. spanwise- 
normal planes at x/d=9.9, 44.3, and 86.3 are shown in Figures 136-141. For 
each x/d, total presssure and velocity distributions are qualitatively similar. 
Total pressure and velocity results in Figures 136 and 137 for x/d= 9.9 are non- 
circular and spanwise periodic. The separation of the deficits 1s approximately 
6cm near the wall which is the same as the spanwise hole spacing. Figures 138- 
141 show fairly uniform distributions for streamwise velocity and total pressure 
across the span of the measurement plane for x/d values greater than 44.3. 

c. Injectant Distributions 

Figures 142, 143, and 144 show surveys of temperature in 
spanwise/normal planes at x/d=9.9, 44.3, and 86.3, which provide information 
on distributions of the injectant . At x/d=9.9, individual  injectant 


concentrations are spanwise periodic and circular near the wall. Distributions for 
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x/d=44.3 and x/d=86.3 in Figures 143 and 144 show less spanwise periodicity and 


more spanwise uniformity. 


6. Heat Transfer Measurements Downstream Of One Row Of 
Film-Cooling Holes With m=1.5 
Figures 145-150 present St/Sto vs. O results measured at z/d= -1.27, for 

x/d=6.8, 17.6, 33.8, 55.5, 77.1, and 98.7 and for m=1.5. These figures illustrate 
the linearity of St/Sto vs. O at each x/d. Simililar lineanty is present for the 
entire range of locations along the test plate. Such behavior once again supports 
the use of linear superposition theory for determination of adiabatic effectiveness 
and iso-energetic Stanton number ratio. Figures 151 and 152 then present 
spanwise-averaged adiabatic effectivenesses and spanwise-averaged iso-energetic 
Stanton number ratios as dependent upon x/d, respectively. Figures 153, 154, 
and 155 then show streamwise and spanwise variations of adiabatic effectiveness, 
iso-energetic Stanton number ratio and Stanton number ratio for 0=1.29. 

Figure 151 shows that spanwise averaged adiabatic effectiveness is greatest at 
x/d=6.8, and then decreases with streamwise development. Figure 152 shows 
that iso-energetic Stanton number ratio is relatively constant at about 1.1 for all 
x/d. Figure 153 shows that spatially resolved plots of spanwise-averaged 
adiabatic effectiveness are spanwise-periodic for x/d=6.8 and x/d=17.6, while 
adiabatic effectiveness is fairly spanwise uniformfor x/d values greater than 33.8. 
Spacially resolved plots of iso-energetic Stanton number ratio, and Stanton 
number ratio for 0=1.29 in respective figures 154 and 155 show spanwise 


periodicity for the entire range of x/d. 
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C. COMPARISON OF RESULTS FROM THE SIMPLE ANGLE AND 
COMPOUND ANGLE FILM-COOLING HOLE 
CONFIGURATIONS. 


Experimental results for two compound angle injection systems 
(configurations 1 and 3), and for a simple angle injection system (configuration 
2) are compared in this section. The effects of blowing ratio, spanwise hole 
spacing, hole angle orientation, and streamwise position are discussed in 
reference to measurements obtained downstream of both one row of holes and 
downstream of two staggered rows of holes. The hole diameter for 
configurations 1 and 2 is 0.945cm. The hole diameter for configuration 3 is 
0.925cm. When two staggered rows are employed, the spanwise hole spacing is 
3.9d for configuration 1, and 3.0d for configurations 2 and 3. When one row of 
holes is employed, the spanwise hole spacing is 7.8d for configuration 1, and 
6.0d for configurations 2 and 3. 

Results are first presented for two staggered rows of film-cooling injection 
holes. Figures 156 and 157 show spanwise-averaged adiabatic effectivenesses 
and iso-energetic Stanton number ratios as dependent upon x/d , respectively, 
for all 3 film hole configurations. Figures 158 and 159 then present spanwise- 
averaged adiabatic effectivenesses and spanwise-averaged iso-energetic Stanton 
number ratios as dependent upon x/d for configurations 1 and 3. Figures 160 
and 161 then present spanwise-averaged adiabatic effectivenesses and spanwise- 
averaged iso-energetic Stanton number ratios as dependent upon x/d, for 


configurations 2 and 3. 
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Results are now presented for one row of film-cooling holes. Figure 162 
and 163 present spanwise-averaged adiabatic effectivenesses and iso-energetic 
Stanton number ratios as dependent upon x/d for all 3 film hole configurations. 
Figures 164 and 165 present spanwise-averaged adiabatic effectivenesses and iso- 
energetic Stanton number ratios, respectively, for configurations 1 and 3. 
Figures 166 and 167 present similar data for configurations 2 and 3. 

Results in Figures 156 and 161 show that spanwise-averaged adiabatic 
effectiveness values are greatest at lower x/d and decrease with streamwise 
development as the injectant is convected downstream. For a specified blowing 
ratio and for all three film hole configurations, the rate of spanwise-averaged 
adiabatic effectiveness decrease is dependent on the blowing ratio, and mostly a 
result of lift-off of the injectant from the test surface at x/d values less than about 
20. At larger x/d, spanwise-averaged adiabatic effectiveness values generally 
increase with blowing ratio mostly because of greater amounts of injectant along 
the test surface. 

Results in Figures 160 and 164 show that spanwise averaged magnitudes of 
the adiabatic film-cooling effectiveness downstream of compound angle injection 
configurations are generally higher than ones downstream of simple angle 
configurations when compared for the same blowing ratio (m), streamwise 
location (x/d), and streamwise hole spacing (s/d). 

Results in Figures 157, 159, 161, 163, 165, and 167 show that the iso- 
energetic Stanton number ratio lies between 1 and 1.35 for all cases studied and 
generally increases with blowing ratio for a given x/d and a given injection hole 


configuration. 
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Results in Figures 156 and 161 show spanwise-averaged adiabatic 
effectiveness values measured downstream of two rows of holes are 
approximately 30-70% higher than values obtained downstream of a single row 


of holes, due to greater amounts of injectant along the test surface. 
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IV. SUMMARY AND CONCLUSIONS 


Experimental results are presented which describe the development and 
structure of flow downstream of a single row, and downstream of two staggered 
rows of film-cooling holes with simple and compound angle orientations. Two 
configurations are investigated, a simple angle injection system in which the 
injectant is introduced into the freestream parallel to the main flow (as viewed in 
the streamwise/spanwise planes), and a compound angle injection system in which 
the injectant is introduced with spanwise velocity components. The effects of 
blowing ratio, spanwise hole spacing, hole angle orientation, and streamwise 
position are determined from measurements of adiabatic effectivenesses, iso- 
energetic Stanton number ratios, and Stanton number ratios for 0 values 
approximately equal to 1.5. 

For configuration 2, measurements are made downstream of three injection 
arrangements: (1) two staggered rows of film-cooling holes with a blowing ratio 
of m=0.5, (2) two staggered rows of film-cooling holes with a blowing ratio of 
m=1.05, and (3) two staggered rows of film-cooling holes with a blowing ratio 
of m=1.5. 

For configuration 3, measurements are made downstream of six injection 
arrangements: (1) two staggered rows of film-cooling holes with a blowing ratio 
of m=0.5, (2) two staggered rows of film-cooling holes with a blowing ratio of 
m=1.0, (3) two staggered rows of film-cooling holes with a blowing ratio of 
m=1.5, (4) one row of film-cooling holes with blowing ratio of m=0.5, (5) one 
row of film-cooling holes with blowing ratio of m=1.0, and (6) one row of film- 


cooling holes with blowing ratio of m=1.5. 
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Results indicate that effectiveness depends mostly on four parameters: 
simple or compound angle injection, spanwise hole spacing, one or two rows of 
holes, and blowing ratio. Results show show that for a specified blowing ratio, 
for all configurations tested to date, spanwise-averaged adiabatic effectiveness 1s 
greatest at lower x/d values but decreases with streamvvise development as the 
injectant is convected downstream. The rate of spanwise-averaged adiabatic 
effectiveness decrease is dependent on the blowing ratio, and mostly a result of 
lift-off of the injectant from the test surface at x/d values less than about 20. At 
larger x/d, spanwise-averaged adiabatic effectiveness values generally increase 
with blowing ratio mostly because of greater amounts of injectant along the test 
surface. Results further show that show that the iso-energetic Stanton number 
ratio lies between 1 and 1.35 for all cases studied and generally increases with 
blowing ratio for a given x/d and a given injection hole configuration. 

Spanwise averaged magnitudes of the adiabatic film-cooling effectiveness 
downstream of compound angle injection configurations are generally higher 
than ones downstream of simple angle configurations at x/d less than 20-30 when 
compared for the same blowing ratio (m), streamwise location (x/d), and 
streamwise hole spacing (s/d). Finally, spanwise-averaged adiabatic effectiveness 
values measured downstream of two rows of holes are approximately 30-70% 
higher than values obtained downstream of a single row of holes due to greater 


amounts of injectant along the test surface. 
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APPENDIX A: FIGURES 


Appendix A contains all of the figures generated for this thesis. The figures 
presented include: test set-up; injection hole configurations; plots of Stanton 
number ratios as dependent upon position; plots of spanwise-averaged adiabatic 
effectiveness and iso-energetic Stanton number ratios as dependent upon position; 
spatially resolved plots of spanwise-averaged adiabatic effectiveness, iso-energetic 
Stanton number ratio, and Stanton number ratio for @ values near 1.5; and 


spanwise plots of velocity, pressure and temperature for the nine configurations. 
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Baseline data configuration 2 





Avg. Stanton mumber/1000 


x/d 


Figure 9. Baseline Stanton Number Comparison Between Exact Solution 
and Experimental Measurements, Configuration 2 
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Baseline data configuration 3 


Avg. Stanton number/1000 





x/d 


Figure 10. Baseline Stanton Number Comparison Betvveen Fxact Solution 
and Experimental Measurements, Configuration 3 
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St/S! 





x/dz6.77 


O.O 20 4.0 


Figure 11. StSto Versus x/d for Various 0 Values with m=0.5, (Ref. Ligrani, 
Bishop, Ciriello] 
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APPENDIX B: UNCERTAINTY ANALYSIS 


An uncertainty analysis by Schwartz [Ref. 8] was accomplished on the input 
parameters and variablles used for this study. A 95% confidence interval was 
utilized. Table I contains a summary of the parameters and their uncertainties: 


TABLE I. EXPERIMENTAL UNCERTAINTIES 
FOR MEASURED QUANTITIES 


Typical Experimental 
Quantity (units) Nominal Value Uncertainty 
məc 18.0 0.13 
ii CC) 40.0 0.21 
is. (mm Hg) 760 0.71 
p. (kg/m?) 1.23 0.009 
U. (m/s) 10.0 0.06 
C, []/(kg K)] 1006 I 
q„A (W) 270 10.5 
h [W/(m? k)] 24.2 1.03 
St 0.00196 0.000086 
St/Sto 1.05 0.058 
A (m?) 0.558 0.0065 
m 0.98 0.05 
x/d 54.6 0.36 
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APPENDIX C: DATA ACQUISITION, PROCESSING 
AND PLOTTING PROGRAMS 
1 Mean Velocity Survey Software: 

FIVEHOLEI: This program acquires pressure data from each of the five 
transducers associated with the probe. The FIVEHOLE1 program controls the 
MITAS motor controller which, in turn, controls the automatic traversing device 
on which the five hole probe is mounted. An 800 point pressure survey is 
conducted in the Y-Z plane normal to the freestream flow. Two data files, FIVx 
and FIVPx, are created. The FIVx data file consists of mean velocity, center port 
pressure, average pressure of the four peripheral ports, and the yaw and pitch 
coefficients for each of the 800 locations sampled. The FIVx data file consists of 
the pressures P1 through P5 sensed by each of the five pressure probe sensing 
ports, the average pressure of the four peripheral ports and the mean velocity, for 
each of the 800 survey locations. 

PADJUST: This program accesses the FIVPx data file created by FİVEHOLE1 
and adjusts the pressures to account for spatial resolution problems. Pressure 
correction is performed using a curve fit to move the measurement location to the 


center sensing port location. The output file of PADJUST is FIVxA. 
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VELOCITY: This program accesses FIVxA, the data file created by PADJUST, 
and computes Ux, Uy and Uz velocity components. The output file of VELOCITY 
is Vx. 

UX3: This program accesses Vx, the data file created by VELOCTTY, and 
plots streamwise velocity (Ux) contours of the Y-Z plane surveyed by the five 
hole pressure probe. 

PTOT3: This program accesses Vx, data file created by VELOCITY, and plots 


total pressure contours of the surveyed Y-Z plane. 


2. Mean Temperature Survey Softvvare: 

ROVERI: This program acquires flow temperature data from the "roving" 
thermocouple mounted on the automatic traversing device. The traversing device 
is controlled by the MITAS controller which is, in turn, controlled by this 
program. The output data file consists of differential temperatures (T,,,,, - T.) for 
each for the 800 survey locations in the Y-Z plane. The output file for ROVERI 
is TEMx. 

PLTMP3: This program uses the differential temperature file TEMx, created 
by ROVER! and plots differential temperature contours of the surveyed Y-Z 


plane. 
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3. Heat Transfer Measurement Software (No Film Cooling): 

STANTONS: This program acquires multiple channel thermocouple data for 
heat transfer measurements with no film cooling. It creates two output data files, 
TDATA and IDATA. The TDATA file consists of 126 test plate thermocouple 
temperatures. The IDATA file run number, test plate voltage and current, ambient 
pressure, pressure differential, ambient temperature, freestream velocity, air 
density and freestream temperature. 

STANTON4: STANTON4 accesses TDATA and IDATA files created by 
STANTONS and calculates heat transfer coefficients and Stanton numbers for each 
of the 126 thermocouple locations. This program also calculates the average 
Reynolds number for each thermocouple row. STANTON4 creates three output 
files. These files are HDATA, SDATA, and STAV. The HDATA file consists for 
the local heat transfer coefficient, the Stanton number and the X and Z 
coordinates for each of the 126 test plate thermocouples. The SDATA file contains 
only the Stanton number values calculated for each thermocouple location. STAV 
contains the X location and the average Reynolds and Stanton numbers for each 


of the six thermocouple rows. 


4. Heat Transfer Measurement Software (with Film Cooling): 
SETCONDV2: This program is used to set conditions for heat transfer data 
acquisition when film cooling is employed. SETCONDV2 determines injection 


velocity, Reynolds number, blowing ration (m) and non-dimensional temperature 
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(0). It requires user input from the terminal of freestream conditions, rotameter 
percent flow and injection plenum differential pressure. 

STANFCIB: This program is used when film cooling is employed to acquire 
multiple channel thermocouple data for heat transfer measurements. STANFC1B 
creates three data files: a temperature data file (Tx), a terminal input data file 
(Cx), and a film cooling data file (CFCx). The temperature data file consists for 
the 126 test plate thermocouple temperatures. The terminal input data file records 
the identical information contained in the IDATA file of STANTONS, as discussed 
earlier. The film cooling data file contains the injection rotameter percent flow and 
the injection plenum differential pressure. 

STANFC2A: This program accesses the temperature, terminal input and film 
cooling data files created by STANFC1B. The program calculates Stanton number 
values for the 126 thermocouple locations and creates a single output file (FCx) 
containing these values. 

EFFFC2B: This program is a modification of STANFC2A. This program 
accesses the temperature, terminal input and film cooling data files created by 
STANFC1B. In addition, it accesses an output file created by STANFC2A, (FCx), 
and directly calculates adiabatic effectiveness without power being applied to the 
test bed. 

STANRI: This program reads three Stanton number data files and creates 
a single output file containing two Stanton number ratios for each of the 126 


thermocouple locations. The required input data files are: SDATA file created by 
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STANTON4 containing baseline Stanton numbers for no film cooling and two FCx 
data files created by STANFC2A containing Stanton numbers with film cooling. 
The output file of STANRI is STRx. 

FLMEFFV2: This program processes Stanton number data and calculates the 
local and spanwise averaged film cooling effectiveness and iso-energetic Stanton 
number ratios. The program reads several files and creates two output files. The 
program reads the SDATA file created by STANTON4 which contains the 
baseline Stanton numbers for no film cooling, and up to six FCx, Tx and Cx files 
created by STANFCZA, and STANFC2B. One of the two output data files contains 
the local effectiveness and iso-energetic Stanton number ratios and the other 
output file contains the spanwise averaged effectiveness and iso-energetic Stanton 
number ratios. 

3DSTGETA: This program accesses the files created by FLMEFFV2 and plots 
the spanwise variation of effectiveness in three-dimensional form. 

3DSTGSTRIS: This program accesses the files created by FLMEFFV2 and 
plots the spanwise variation of the iso-energetic Stanton number ratio in three- 
dimensional form. 

3DSTRST: This program accesses STRx, the Stanton number ratio file created 
by STANRI, and plots the spanwise variations of the Stanton number ratios in 


three-dimensional form. 
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APPENDIX D: DATA FILE DIRECTORY 


1. HEAT TRANSFER DATA 
A. BASELINES 
Generating Programs: STANTON3/STANTON4 
TBNA-DATE - Temperature data file 
IBNA-DATE - User terminal input data file 
HBNA-DATE - Heat transfer coefficient data file 
SBNA-DATE - Local Stanton number data file 


EXPERIMENTAL 
DATA RUN # DATA FILE CONDITIONS 
31491.1345 TB6A391 Simple Angle Tp-Ty;<20.08 °C, no 
IB6A391 film-cooling 
HB6A391 
SB6A391 
31691.1333 TB4A391 Simple angle T,-T,=9.66 °C no 
IB4A391 film-cooling 
HB4A391 
SB4A391 
51491.1233 TB65591 Compound Angle T,-T,=20.83 °C, 
IB6A591 no film-cooling 
HB6A591 
SB6A591 
51491.1649 TB4A591 Compound Angle T,-T,=9.66 °C, 
IB4A591 no film-cooling 
HB4A591 
SB4A591 
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B. STANFC1B/STANFC2A 
DATA FILES - (film-cooling) 
pTxx - Temperature data file 


pCxx - User terminal input data file 


pCFCxx - Film-cooling parameters data file 
pFCxx - Local Stanton number data file 


DATA RUN # 


32891.1520 


32991.1431 


3299].2107 


40291.0845 


40891.1040 


40891.1314 


SIMPLE ANGLE, 2 ROWS 





DATA FILE 


Sa) 
2C1 
266 
2FC1 


214 
2C4 
2CFC4 
2FC4 


215 
2059 
2CFC5 
2FC5 


216 
2C6 
2CFC6 
2FC6 


257 
209 
2650 
ZEE? 


2T10 
2C10 
2CFC10 
2FC10 
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EXPERIMENTAL 
CONDITIONS 


Simple angle, 2 
1 [2 


Simple angle, 2 
0=0.58 


Simple angle, 2 
0=2.53 


Simple angle, 2 
0=0.21 


Simple angle, 2 
0=1.66 


Simple angle, 2 
0=2.78 


TOVVS, 


TOVVS, 


TOVVS, 


TOVVS, 


TOVVS, 


TOVVS, 


m=1.05; 


m=1.05, 


m= G3) 


m=105) 


тл=Т 


тл=Т 


41391.1405 


41491.1042 


41491.2210 


41491.2255 


41591.0837 


41591.1032 


41891.1018 


41891.1137 


2112 
2C12 
2CFCI2 
2212 


2113 
2213 
2CFC13 
2EC15 


2T14 
2C14 
2CFC14 
2FC14 


2T15 
2215 
2CFC15 
ZEC 15 


2116 
2C16 
2CFC16 
2FC16 


201 
2C17 
2CFC17 
2FC17 


2T18 
2C18 
2CFC18 
2FC18 


2119 
2019 
2CFC19 
2FC19 
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Simple 
0=.03 


Simple 
0=0.77 


Simple 
0=1.11 


Simple 
0=1.60 


Simple 
0=2.41 


Simple 
0=2.95 


Simple 
0=0.42 


Simple 
0=0.89 


angle, 


angle, 


angle, 


angle, 


angle, 


angle, 


angle, 


rows, 


TOVVS, 


TOVVS, 


TOVVS, 


TOVVS, 


TOVVS, 


TOVVS, 


TOVVS, 


m=0.5, 


m=0.5, 


=(.5, 


m-0.5, 


mu 


m=0.5, 


m-ə. 


m=10, 


41991.1609 


41991.1352 


41991.1455 


42591.1515 


DATA RUN # 


515911037 


51591.1448 


51591.1704 


2120 
2C20 
2CFC20 
2662 


2122 
2022 
2CFC22 
18 2 


2T25 
2C23 
2CFC23 
2EC 23 


2T24 
2C24 
2CFC24 
2FC24 


Simple 
0=1.15 


Simple 
0=2.57 


Simple 
0=2.31 


Simple 
0=1.34 


angle, 


angle, 


COMPOUND ANGLE, 2 ROWS 





DATA FILE 


411 
3C1 
3CFC1 
3FC1 


312 
3E2 
SURE 
SEQ 


51 
3С3 
3CFC3 
3FC3 
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EXPERIMENTAL 
CONDITIONS 


TOVVS, 


TOVVS, 


TOVVS, 


mz, 


melise! 


m=185 


тл= 


Compound angle, 2 rows, m=1.0, 


0=0.27 


Compound angle, 2 rows, m=1.0, 


0=0.94 


Compound angle, 2 rows, m=1.0, 


0=1.23 


31691.1802 


51691.1538 


51691.1700 


51701.1307 


51791.1700 


52091.0949 


52091.1211 


52091.1447 


3T4 
3C4 
3CFC4 
3FC4 


315 
3C5 
3CFCS 
3FC5 


816 
3С6 
3CFC6 
3FC6 


3T7 
3C7 
ŚCECZ 
3FC7 


318 
3C8 
3CFC8 
3FC8 


3T9 
3C9 
3CFC9 
SECO 


3T10 
3C10 
3CFC10 
3FC10 


3T11 
3C11 
3CFC10 
3FC10 
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Compound angle, 2 rows, m=1.0, 


0=1.72 


Compound angle, 2 rows, m=1.0, 


0=2.17 


Compound angle, 2 rows, m=1.0, 


0=2.82 


Compound angle, 2 rows, m=0.5, 


0=.04 


Compound angle, 2 rows, m=0.5, 


0=1.15 


Compound angle, 2 rows, m=0.5, 


0=1.82 


Compound angle, 2 rows, m=0.5, 


0=2.32 


Compound angle, 2 rows, m=0.5, 


0=2.32 


52091.1447 


52091.1653 


52191.1520 


522311235 


52291.1645 


52491.1030 


52491.1332 


3T11 
3C11 
3CFC11 
3FC11 


3T12 
3C12 
25612 
eue p 


3T13 
3C13 
3CFC13 
3FC13 


3T14 
3C14 
3CFC14 
3FC14 


3T15 
3C15 
3CFC15 
257 


3117 
6/6107 
3CFC17 
SETA 


3T18 
3C18 
3CFC18 
3EC18 
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Compound angle, 2 rows, m=0.5, 
0=2.96 


Compound angle, 2 rows, m=0.5, 
0=1.54 


Compound angle, 2 rows, m=1.5, 
0=0.48 


Compound angle, 2 rows, m=1.5, 
0=0.9 


Compound angle, 2 rows, m=1.5, 
0=1.24 


Compound angle, 2 rows, m=1.5, 
0=2.21 


Compound angle, 2 rows, m=11.5, 
0=2.44 


DATA RUN # 


64791.1130 


61991.1400 


61991.1047 


5 171.1251 


70191.1638 


70991.0900 


70991.1447 


COMPOUND ANGLE, 1 ROVV 





DATA FILE 


55 
3C19 
3CFC19 
3FC19 


3T20 
3C20 
3CFC20 
3FC20 


3T21 
3C21 
3CFC21 
3FC21 


3122 
3С22 
3CFC22 
2562 


3T23 
3C23 
JEFC23 
SEO 


2125 
3C25 
3CFC25 
3FC25 


3T26 
3C26 
3CFC26 
3FC26 
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EXPERIMENTAL 
CONDITIONS 


Compound angle, 
0=0.12 


Compound angle, 
0=1.09 


Compound angle, 
0=1.43 


Compound angle, 1 


0=2.52 


Compound angle, 1 


0=2.08 


Compound angle, 
0=.046 


Compound angle, 
0=1.21 


row, 


row, 


row, 


row, 


row, 


row, 


m=1.0, 


m=1.0, 


m=1.0, 


me 0, 


m=1.0, 


m=0.5, 


m=0.5, 


70991.1540 


71091.1029 


Z1091.1306 


71091.1456 


71191.1447 


71191.1658 


71791.1516 


71791.1615 


3124 
3C27 
3CEC2Z 
3FC27 


3T28 
3C28 
3CFC28 
3FC28 


3129 
3023 
SO pO) 
3RFC29 


3T30 
3C30 
3CFC30 
3FC30 


3132 
3C32 
3CFC32 
3FC32 


3123 
3C33 
3CFC33 
SES 


3T34 
3C34 
3CFC34 
3FC34 


3T35 
3C35 
3CFC35 
SEC 93 
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Compound angle, 
0-1.64 


Compound angle, 
0=2.75 


Compound angle, 
0=1.44 


Compound angle, 
0=1.44 


Compound angle, 
0=1.095 


Compound angle, 
0-1.42 


Compound angle, 
0-2.83 


Compound angle, 
0=1.52 


TOVV, 


TOVV, 


TOVV, 


TOVV, 


TOVV, 


TOVV, 


TOVV, 


TOVV, 


m=0.5, 


m=(05 


ms 


m=0.5, 


m=] š 


mis» 


ml | 


meal 


24791-1733 


71891.1835 


3T36 
3C36 
3CFC36 
3FC36 


3T39 
5” 
4000 
55 


Compound angle, 1 row, m=1.5, 
0=2.62 


Compound angle, 1 row, m=1.5, 
0=1.77 


B. FILM EFFECTIVENESS DATA 
Generation Program: FLMEFFV2, 3 
pFCxx - Local effectiveness data file 
pSTRxx - Spanwise average effectiveness data file 


DATA RUN # 


52591-1520 
32991.1431 
52991.2109 
40291.0845 
40891.1314 


41491.1042 
41391.1405 
41491.2210 
41491.2255 
41591.0837 
41591.1032 


41891.1018 
41891.1137 
41891.1609 
41991.1455 
42391.1550 
41991.1352 


DATA FILE 


STR1 
STR1A 


SIR2 
SIR2A 


SIR3 
SIR3A 


EXPERIMENTAL 
CONDITIONS 


Simple angle, 2 rows, m=1.05 


Simple angle, 2 rows, m=0.5 


Simple angle, 2 rows, m=1.5 


215 


21591. 1087 
51591.1448 
51591.1704 
51691.1302 
51691.1538 
51691.1700 


51791 1507 
51791.1700 
52091.0949 
22091 1211 
52091.1653 
52091.1447 


5219111520 
2251127 
52291.1645 


52491.10030 


52491.1332 


61791.1130 
61991.1400 
61991.1047 
70191.1251 
70191.1638 


70991.0900 
70991.1447 
70991.1540 
71091.1029 
71091.1456 


COMPOUND ANGLE, 2 ROW 





3STR4_1 Compound angle, 2 row, m=1.0 
3STR4_2 
3STR5 1 Compound angle, 2 row, m=0.5 
3STR5_2 
3STR6_1 Compound angle, 2 row,, m=1.5 
3STR6_2 


COMPOUND ANGLE, 1 ROW 





“ss Compound angle, 1 row, m=1.0 
3STR1 2 
3STR2 1 Compound angle, 1 row, m=0..5 
3STR3 2 
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71191.1447 3SIR3 1 
71191.1685 3SIR3 2 
71791.1516 

71791.1615 

71791.17333 

71891.1835 


D. MEAN VELOCITY DATA: 


Compound angle, 1 row, m=1.5 


1. COMPOUND ANGLE X/D=9.9 


DATA RUN # DATA FILE 


80391.0755 FIVO (disc 7) 
FIVPO 
FIVOO 
V4 


80491.1830 FIV1 (disc 7) 
FIVPI 
FIVO1 
V5 


804911.0941 FIV2 (disc 7) 
FIVP2 
FIVO1 
V6 


80291.0940 FIVI (disc 8) 
FIVP1 
FIVO1 
V2 


80191.1540 FIV2 (disc 8) 
FIVP2 
FIVO2 
V3 


GENERATING 


PROGRAM 


FIVEHOLET 
FIVEHOLE1 
PADJUST 
VELOCITY 


FIVEHOLE1 
FIVEHOLE1 
PADJUST 
VELOCITY 


FIVEHOLE1 
FIVEHOLE1 
PADJUST 
VELOCITY 


FIVEHOLE1 
FIVEHOLE1 
PADJUST 
VELOCITY 


FIVEHOLE1 
FIVEHOLE1 
PADJUST 
VELOCITY 
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EXPERIMENTAL 
CONDITIONS 


2 rows, m=0.5, 
x/d=9.9 


2 rows, m=1.0, 
x/d=9.9 


2 rows, m=1.0, 
x/d=9.9 


1 row, m=0.5, 
x/d=9.9 


1 row, П1=1.0, 
x/d=9.9 


2. COMPOUND ANGLE, X/D = 44.3 


DATA RUN £ 


80791.1154 


80691.2100 


80691.0900 


82991.0944 


81291.1110 


DATA FILE 


FIV2 (disc 9) 
FICP2 
FICO2 

V7 


FIV1 (disc 10) 
FIVP1 

FIVOI 

V8 


FIVO (disc 10) 
FIVPO 

FIVOO 

V9 


FIVO (disc 9) 
FIVPO 

FIVOO 

V10 


FIV1 (disc 9) 
FIVP1 

FIVO1 

v11 


GENERATING 


PROGRAM 


FIVEHOLE1 
FIVEHOLE1 
PADJUST 
VELOCITY 


FIVEHOLEI 
FIVEHOLE1 
PADJUST 
VELOCITY 


FIVEHOLE1 
FIVEHOLE1 
PADJUST 
VELOCITY 


FİVEHOLE1 
FİVEHOLE1 
PADJUST 
VELOCITY 


FIVEHOLE1 
FIVEHOLE1 
PADJUST 
VELOCITY 


3. COMPOUND ANGLE, X/D = 86.3 


DATA RUN # 


82191.0842 


DATA FILE 


FIV2 (disc 10) 
FIVP2 
FIVO2 


V14 


GENERATING 


PROGRAM 


FIVEHOLE1 
FIVEHOLE1 
PADJUST 
VELOCITY 
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EXPERIMENTAL 
CONDITIONS 


2 rows, m=0.5, 
x/d=44.3 


2 rows, m=1.0, 
x/d=44.3 


2 rows, m=1.5, 
x/ a 5 


1 row, m=0.5, 
x/d— 


1 row, m=1.0, 
x/6—47 


EXPERIMENTAL 
CONDITIONS 


2 rows, m=0.5, 
x/d=86.3 


82291.0949 


82891.1100 


81491.0858 


82091.1455 


FIV0 (disc 11) 
FIVP0 

FIVO0 

V15 


FIV1 (disc 11) 


FIVP1 
FIVO1 
V16 


FIVO (disk 10) 
FIVPO 

FIVOO 

V12 


FIV1 
FIVP1 
FIVO1 
V13 


FIVEHOLE1 2 rows, m=l.0, 
FIVEHOLE1 x/d=86.3 
PADJUST 

VELOCTIY 

FIVEHOLE1 2 rows, m=1.5, 
FIVEHOLE1 x/d=86.3 
PADJUST 

VELOCITY 

FIVEHOLE1 1 row, m=05, 
FİVEHOLE1 x /d=86.3 
PADJUST 

VELOCITY 

FIVEHOLE1 1 row, me=1.0, 
FİVEHOLE1 x/d=86.3 
PADJUST 

VELOCITY 


E. COMPOUND ANGLE INJECTION MEAN TEMPERATURE SURVEY 


DATA: 


Generating Program: ROVERI 


DATA RUN £ 


83091.2012 


90291.1422 


90291.1900 


90391.0847 


90391.1416 


20391.1952 


90491.0936 


90491.1451 


DATA FILE 


TEMO 


TEM1 


TEM2 


TEM3 


TEM4 


TEM5 


TEM6 


TEM7 


EXPERIMENTAL 
CONDITION 

1 row, m=1.0, x/d=9.9 
2 rows, m=0.5, x/d=9.9 
2 rows, m=1.0, x/d=9.9 
2 rows, m=1.5, x/d=9.9 
1 row, m=0.5, x/d=9.9 
1 row, m=0.5, x/d=44.3 
1 row, m=1.0, x/d=44.3 


2 rows, m=1.0, x/d=44.3 
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90591.1000 


90591:1530 


90691.1500 


90691.2100 


90791.1000 


90791.1830 


90791.2223 


TEM8 


TEM9 


TEM10 


TEM11 


TEM12 


TEM13 


TEM14 
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2 rows, m=1.0, x/d=44.3 
2 rows, m=1.5, x/d=44.3 
2 rows, m=1.0, x/d=86.3 
2 rows, m=0.5, x/d=86.3 
2 rows, m=1.5, x/d=86.3 
1 row, m=1.0, x/d=86.3 


1 row, m=0.5, x/d=86.3 
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